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Editorial

There are three very important occasions for me:

Firstly, it is a matter of great satisfaction and pride for me that Asian
J Phys has most successfully completed 24 volumes since its inception in 1992
with the opening paper by Prof Wolfgang Kiefer, University of Wurzburg,
Germany, and is now running in Volume 25 (2016). Secondly, Month of February
is important being the month of discovery of Raman Effect on Feb 28, 1928
for which Raman was awarded Nobel Prize in 1930. And thirdly, Feb 2016 is
the month of 75" birthday of Wolfgang Kiefer: A great Raman Spectroscopist.
Many Happy Returns of the day Wolfgang.

During the period of long 24 years, we were able to release several
special issues of AJP on different topics, including an special issue on Raman
Spectroscopy by Wolfgang (Vol 7, No 2, 1998.) In his editorial Wolfgang writes, ”This is an special issue
of the Asian Journal of Physics which celebrates the seventieth anniversary of the discovery of the “Raman
Effect” by Professor Chandrasekhara Venkata Raman at the Indian Association for the cultivation of
Science, Kolkata, India. In the seventy years that have elapsed since the discovery of this new scattering
phenomenon of a fundamental character, the field of Raman spectroscopy has grown enormously and
continues to grow, encompassing a wide range of topics and applications in physics, chemistry, biology,
biochemistry, medicine, pharmacy, environmental sciences and even in technology and art”. This is still true
- The range of applications of Raman Spectroscopy is very wide. Many applications of Raman Spectroscopy
have been developed during the past decade.

Professor Wolfgang is not only well known among Raman Community for his outstanding
contributions in the field of Raman Spectroscopy, but also known for his kindness and his willing support
to many colleagues, Researchers and Students including me. I visited his laboratory in 2004 and 2006 and
recorded several spectra, which resulted into a number of joint publications. He not only made numerous
contributions in the fields of both linear and non-linear Raman spectroscopy but paved the way for new
developments and insights into the exciting field of Raman Spectroscopy which is based on inelastic scattering
of light. As mentioned by Guest Editors in Guest Editorial, the list of his contributions is very long and his
work is being continuously cited in current literature.

During my stay in his Laboratory and his visits to Meerut, Trichi,.. Trivandram, I found that besides
his academic interest Wolfgang is equally interested in the Social life also.

Please permit me to thank the Guest Editors Prof Juergen Popp and Dr Michael for editing this
nice special issue of Asian J Phys, on the occasion of 75th Birth Day of Prof Wolfgang Kiefer. They have
been able to collect 8 original articles to organize this special issue. I am happy to present this issue to
Wolfgang and our readers.

Vinod Rastogi
Feb 12, 2016 (4:00 am)



Guest Editorial

An Appreciation to Wolfgang Kiefer on the occasion of his 75™ birthday

Wolfgang Kiefer one of the most distinguished Raman spectroscopists will celebrate his 75" birthday on
February 12, 2016. It gives us great pleasure to dedicate him on this occasion the 2nd issue of 25th Anniversary
of Asian Journal of Physics (ISSN 0971-3093).This anniversary issue contains eight contributions by friends,
colleagues and former students of Wolfgang Kiefer. The contributions nicely feature the broad range of Raman
spectroscopic approaches and their broad applicability.

Wolfgang Kiefer worked throughout his
impressive scientific career for the further development
of Raman spectroscopy and its application towards
new scientific fields. Raman spectroscopy fascinated
Wolfgang Kiefer already as a diploma and Ph D student
and was a solid companion throughout his scientific
career. Wolfgang Kiefer developed and applied a great
number of Raman approaches to unravel the structure of
molecules in the gas, condensed and solid phase and on
metal surfaces. In addition, the ultrafast dynamics taking
place within and between these molecular systems took
center stage of his scientific work.

Wolfgang Kiefer was born in 1941 in Pforzheim, Germany. He studied physics in Munich. After his
PhD in 1970, he went for postgraduate studies to the National Research Council in Ottawa, Canada where
he stayed for two years. He subsequently returned to Munich where he finished his habilitation in 1977.
Between 1977 to 1984, Wolfgang Kiefer was a Professor in Bayreuth, Germany and from 1985 to 1988, he
was appointed as full professor of Physics at the University of Graz, Austria. In 1988, he received a call for
the chair for Physical Chemistry at the University of Wuerzburg, Germany, which he accepted. He stayed in
Wuerzburguntil his retirement in 2006. Wolfgang Kiefer graduated 85 PhD students among them are twelve
who also successfully pursued an academic career as Professor. The Kiefer Raman labs were throughout his
scientific career an extremely popular meeting place, hosting a large number of friends and colleagues as well
as students of many different countries who always have enjoyed the fruitful and also pleasant stays in the
Kiefer group.

It is impossible and would go much beyond this brief editorial to comprehensively summarize the
scientific achievements of Wolfgang Kiefer, which are published in 865 (!) publications. In the following, just
some key words of his groundbreaking research are listed:

* Resonance Raman spectroscopy and development of theories for resonance Raman spectroscopy
* Atomic Raman spectroscopy
* Raman and Mie scattering from micro-particles

» Development of special techniques for linear and nonlinear Raman spectroscopy (e.g. Raman difference
spectroscopy with rotating cell, Raman matrix isolation spectroscopy)

* Raman spectroscopy on:
o Non-crystalline samples (e.g. glasses)
o Nanostructures
o Semiconductor quantum dots and quantum wires
o Biological and biochemical samples



o Polymers

o Ete.

o Surface enhanced Raman spectroscopy (SERS)

o Raman- and IR spectroscopy in combination with density functional theory calculations on metal
complexes

o Nanosecond coherent anti-Stokes Raman spectroscopy (CARS)
o Femtosecond coherent four-wave mixing spectroscopy (degenerate four-wave mixing = DFWM,
CARS):

O Ultrafast ground- and excited state dynamics in gases and condensed phase

0 Coherent control of vibrations

The eight contributions of this special issue nicely reflect this list of topics and deal with SERS,
resonance Raman, theoretical concepts to interpret Raman spectra, Raman spectroscopy on glasses,
femtosecond four-wave mixing spectroscopy, Raman spectroscopy in combination with DFT calculations.
These contributions nicely show how Wolfgang Kiefer’s work inspired the authors and how he infected most
of the senior authors with the “Raman gene”.

Raman spectroscopy has matured to become one of the most important laser spectroscopic methods
and has found its way into almost all natural sciences. Raman spectroscopy has become an indispensable
analytical method for physics, chemistry, mineralogy and also recently for the life sciences and medicine.
It is not exaggerated to say that the work of Wolfgang Kiefer significantly contributed to this success story
of Raman spectroscopy. It is too bad, that the inventor of Raman spectroscopy the great Indian scientist CV
Raman is not able to witness the scientific impact his invention had and more importantly will still have even
after more than 80 years of its discovery. However, he would be definitely very proud of what his “Raman
followers” like Wolfgang Kiefer achieved and how they utilized his invention.

It is no surprise and more than deserved that Wolfgang Kiefer was awarded with the Raman Lifetime
Award on the XXIV. International Conference on Raman Spectroscopy (ICORS 2014) in Jena. Despite this
latest award, Wolfgang Kiefer received several more prestigious awards. Here, we would only like to mention
the Pittsburg Spectroscopy Award and an Honorary Doctor degree from the University of Cluj-Napoca,
Romania.

Although Wolfgang Kiefer is celebrating his 75"birthday, he is still “infected by the virus Raman
spectroscopy”. In the basement of his house in the city of Eisingen he established a small but fine Raman lab
he calls “Eisingen Laboratory for Applied Raman Spectroscopy” where he performs research work he always

wanted to do but had no time for. Thus, for Wolfgang Kiefer Raman spectroscopy was not only his profession
but also his hobby.

We hope that you will enjoy reading this 25th Anniversary of Asian Journal of Physics, which is
dedicated to you.

Dear Wolfgang we wish you a happy 75" birthday and lots more exciting research results from your
Eisingen Laboratory for Applied Raman Spectroscopy! But most importantly we wish you good health, long
life and prosperity in the circle of your family!

Jirgen Popp and Michael Schmitt on behalf of all authors and the editorial board of AJP.
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Two dimensional graphene derivatives supported isolated gold
nanoparticles as an efficient SERS substrate

Shiju Abraham®® Matthias Kdnigb, Shobhit Pandey*, Sunil K Srivastava®,
Bernd Walkenfort” and Anchal Srivastava®
“Department of Physics, Banaras Hindu University, Varanasi, 221005, India
bFaculty of Chemistry, University of Duisburg, 45141 Essen, Germany
‘Metallurgical Engineering Department, Indian Institute of Technology — (BHU), Varanasi
“Department of Pure and Applied Physics, Guru Ghasidas University, Bilaspur, 495 009, India

(Dedicated to Professor Wolfgang Kiefer on the occasion of his 75th birthday)

The present work accomplishes surface enhanced Raman scattering (SERS) studies using the combination of stable,
diluted and isolated gold nanoparticles (Au NPs) of tailored size (~ 50 nm) and distribution on two dimensional carbon
nanostructures (2D-CNS) i.e. graphene oxide (GO) and reduced graphene Oxide (RGO). Fabricated using a simple,
quick and cost effective method, these SERS substrates have enough synergistic enhancement from each Au NPs and
underlying CNS matrix with sensitivity enough to easily detect 10"® molar concentrations of analyte, 4-mercaptobenzoic
acid (4-MBA). Further, uniform distribution of Au NPs ensures great reproducibility showing potential for standardization
in future. © Anita Publications. All rights reserved.

Keywords: Surface enhanced Raman scattering (SERS), Nanoparticles, Graphene oxide (GO), 4-mercaptobenzoic acid
(4-MBA)

1 Introdction

Surface-enhanced Raman scattering (SERS) is a surface selective and highly sensitive spectroscopic
technique for molecular detection and surface analysis [1,2]. SERS offers higher magnitude of increased
intensity and suppresses the fluorescence signal while selectively enhancing the Raman signal, and produces
chemical fingerprinting with sensitivity enough to enable single-molecule detection [3].The two widely
accepted enhancement mechanisms are the dominant electromagnetic mechanism (EM) and the chemical
mechanism (CM) which contributes only about one or two orders to the enhancement together contributing
the overall enhancement [4]. The long range nature of EM relies on the roughness, high curves or gapped
metal regions of the substrate in order to develop localized electromagnetic field regions called as “hot”
spots. In this respect, rough noble metal nanoparticles substrates, especially Au NPs having good curvature
and required optical properties for enhanced surface plasmons on excitation, proved out to be one of the
most popular traditional SERS substrates with additional advantages such as biocompatibility, stability,
controllable size and shape distributions [5,6]. Mostly, due to complex distribution of molecules on SERS
substrate, molecules near the hot spots keep on fluctuating, which is further aggravated by other factors
like chemical interactions between the molecules and the metal substrate, chemical adsorption-induced
vibrations, molecular deformation and distortion, etc. [7,8]. These disadvantages demand new materials for
SERS substrates, which can be fabricated uniformly and economically with particles size small enough that
an isolated particle can give the required localized surface plasmon resonance effect.

Corresponding author :
e-mail: anchalbhu@gmail.com, phone:+91 9453203122 (Anchal Srivastava)
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Often termed as a “first layer effect”; unlike EM, CM is a short range effect which requires the
distance between the molecule and the substrate to be below 0.2 nm. Further, the charge transfer between
molecule and substrate is possible by having the Fermi level of the metal substrate symmetrically aligned
with the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
of the molecule [1,9]. These requirements mark the inefficiency of CM in case of noble nanoparticles
based SERS substrates, but paved the way for graphene substrates based SERS; called now as Graphene
Enhanced Raman Spectroscopy (GERS). In case of graphene, relatively smooth surface, visible range
optical transitions [10], and lower surface plasmon [11] make EM ineffective, making CM as the dominant
mechanism. However, unlike metal substrates, the Raman enhancements are limited and not enough for
standardization [12]. Nevertheless, flexibility offered by graphene and its derivatives and particularly their
ability to combine with metal nanoparticles attests its potential as a promising matrix for forming hybrids
[13] which can take advantage of both EM and synergistically enhanced CM, for an overall commendable
Raman enhancement; the prime motivation of the present work.

With this aim, the present work utilizes Au NPs supported 2D-CNS matrix, as a commendable SERS
substrate for testing the efficacy of the Raman Marker; 4-MBA. Finally, in order to produce reproducibility
enabling future standardization, the present work uses the enhancement upraised from isolated Au NPs
of tailored size decorated at distances higher than the spectral resolution of the exciting source, still
producing commendable enhancements without any signal degradation; enough for detecting smallest of
the concentrations (10 M) of the Raman marker.

2 Experimental

Typically the 2D- CNS used here (GO and RGO) were produced using the earlier reports [14,15]
(supplementary information). Further to produce non agglomerating Au NPs with tailored size, seeded-growth
method proposed by Perrault et al was followed [16] (Supplementary information). However, in order to
maximize the localized surface plasmon resonance (LSPR) effect for maximum enhancement from each
Au NPs, the size was then tailored to 50 nm while simultaneously stabilizing with, polyvinylpyrrolidone
(PVP).

The 2D- CNS- Au nanoparticles composites were prepared by simply adding 300 pL of diluted
spherical Au NPs into 700 pl of 2 mg/mL (in distilled water) dispersion of 2D- CNS, succeeded by
sonication and storage in vibration stand until thin film formation (supplementary information). These two
composites i.e RGO- Au NP and GO- Au NP were then uniformly spin coated covering entire 5x5 mm?
silicon substrate to form the SERS substrate on which 5 pL of Raman marker solution of 4-MBA (1 uM)
was then incubated for overnight at room temperature.

3 Results and Discussion

The transmission electron microscopy (TEM) image shown in Fig | manifests the homogenously
stabilized Au NPs, which were well separated and spherical in shape (~50 nm). Figure 2(a) shows the
TEM image of GO sheets, which is non-contaminated, continuous and few layered in nature. Figure 2 (b)
corresponding to TEM of GO-Au NPs, clearly shows a single Au NP is decorated on ~(2 x 2) pm? area.
The Au NPs have required shape (spherical) and size (50 nm) for effective Raman enhancement effect,
while the distribution is such that, the distance between Au NPs exceeds the spectral resolution of the laser,
enabling isolated particles enhancement. Figure 2(c) shows the TEM image of few layered RGO sheets
of long lateral uniformity like GO. Similarly RGO-Au NPs shown in Fig 2(d) denotes the isolated Au NP
distribution on the RGO surfaces as in case of GO.

In order to check the reproducibility and potential to be used as a standardized SERS substrate in
future, the work involves Raman mapping (using confocal Raman microscope of WITec Alpha 300R,632.8
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nm laser line) of (100 x 100) pm? area on substrate scanned with an interval of 2 um with an integration
time of 1 second. Figure 3 represents a simplified schematic of the SERS substrate and the SERS signal

enhancement obtained.

Before
Dilution

S0nm 250nm

| 100nm 250nm
— ——

Fig 2. TEM Images of (a) Few layered GO, (b) GO-Au NPs (¢) Few layered RGO, (d) RGO-Au NPs



124 Shiju Abraham, Matthias Kénig, Shobhit Pandey, Sunil K Srivastava, Bernd Walkenfort, and Anchal Srivastava

=, Laser source
4 Hof8328nm

= 4- MBA
'g (10 M)
@

E 'JW OO Au NP4 BAL
= i

g OOty WP A MBA
o
o« , .

-} 1101 1200 1600 2000 2400 2800
@ 2
N Wavenumber/cm”

m

E

E

(<}
=

Isclated Au NPs

K00 1200 1600 2000 2400 2500

CHS Base Matorial
ks Wavenumber/cm’”

2D - GO,

GO- Au NPs@PVP 53
Enhancement 4-MBA g3
4
£y
o
E2
52
Ex
€
1000 1500 2000
Wavenumber/cm™
Raman RGO- Au NPs@PVP El)
Enhancement 4-MEBA £<
B
e
w8
= 2
Es
cg
£5
g

1000 1500 2000 2500
Wavenumber/cm™’

Fig 4. (a) Raman mapping image of GO-Au NPs-4-MBA; (b) Corresponding six point’s 3D-SERS spectra.
(c) The Raman mapping image RGO-Au NPs-4-MBA, (d) 3D- SERS spectra of RGO-Au NPs-4-MBA.

Raman imaging of GO-Au NPs- 4-MBA defined for the peak centered at 1585 cm™! through the
intensity color profile is shown in Fig 4 (a). The well-defined colored region is a profile for the prominent
4-MBA band centered ~1585 cm ™' (v(CC) ring stretching). In the color profile, the intensity increases
from violet to red. Evidently, the center part of the substrate is more or less occupied with violet and blue
color, indicating its more GO nature rather than GO-Au NPs. So the maximum intensity (red color) region
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indicates the maximum probable place where Au NPs were decorated and are bonded towards 4-MBA.
This findings can be confirmed by the corresponding Raman spectrum of the six different regions (violet
to red) (Fig 4 (b)). From the cyan to red color (marked 3 to 6), the corresponding Raman spectrum gives
well defined peaks of the Raman marker 4-MBA at 1585, 1175, 1070 and 1340 cm™' even for the low
concentration (1 uM) and amount of Raman reporter molecule, attesting substantial Raman enhancement.
Also a low profile D (~1350 cm ™) and G-Band (~1580 cm™) of GO can be observed on the same spectrum.
But in region 1 and 2, the D and G-Band are more prominent due to the CNS base material contribution.
Figure 4 (c) represents the Raman mapping image of RGO-Au NPs-4-MBA and the 4-MBA field is more
nicely distributed here (red region). In the corresponding Raman spectra (Fig 4(d)), a more defined 4-MBA
characteristics peak can be observed throughout the region 2 to 5. So, both SERS substrates are observed
to be good base materials utilizing both the EM and synergistically enhanced CM, to detect effectively and
quickly even the very low concentration of Raman reporter molecule (1 uM), which is impossible to detect
using normal RS [17].

4 Conclusions

The present work introduces a simple and quick chemical method to fabricate highly efficient
SERS substrates based on Au NPs and 2D-CNS (graphene derivatives) combination.The proposed substrates
have commendable Raman enhancement, taking the advantage of both; i.e. EM from the Au NPs and
synergistically enhanced CM from Au NP decorated GO/RGO matrix. The tailored Au NPs have a size of
50 nm to ensure maximum enhancement at the used excitation source (632.5 nm). Further, their distribution
is such that the distance between the nanoparticles is greater than the spectral resolution of the excitation
source. These factors enable enhancement which is enough to detect 10 M concentrations of analyte with
appreciable sensitivity. Further, the uniform distribution and isolated particle dependence for enhancement,
cuts down the ambiguity of variations in hot spot regions, thereby powering these substrates with great
reproducibility; suggesting great potential for standardization in future.
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nanoparticles as an efficient SERS substrate

Shiju Abraham®°, Matthias K6nig®, Shobhit Pandey®, Sunil K Srivastavad,
Bernd Walkenfort® and Anchal Srivastava®
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1 Experimental

1.1 Materials

Graphite flakes (NGS Naturgraphit GmbH, Germany), tetrachloroauric acid (HAuCly),
polyvinylpyrrolidone (PVP), Sodium Citrate, hydroquinone, 4-MBA, H,SO,, H;PO4, KMnO,, H,0,,
hydrazine hydrate, Ammonia solution, ethanol, etc. used were of technical grade and were procured from
Sigma-Aldrich.

1.2 Preparation of Graphene Oxide (GO)

The protocol proposed by Marcano ez al [1] has been applied for the synthesis of GO. Briefly, a
9: 1 combination of concentrated H,SO4: H;PO4 was added to 2g of graphite flakes and 12g of KMnOy,.
At a temperature of 50° C, the mixture was stirred for 12 h. The reaction was quenched after the mixture
was cooled to room temperature (RT) by adding ~260 mL of ice with 2 mL of 30% H,O,. This mixture
was then shifted, filtered and was washed with distilled water and 30% HCI. The final product obtained
(GO) was then dried at 70°C.

1.3 Preparation of Reduced Graphene Oxide (RGO)

Chemical conversion of GO to RGO is achieved by following the method proposed by Dan Li et
al [2]. Briefly, a 500 mL (0.25mg/mL) GO dispersion in distilled water was kept for ultra-sonication for 20
minutes to obtain a light yellowish dispersion. A pH = 10 is achieved for this GO dispersion by adding ~2
mL of ammonia solution (25%). Further, 400 pL of hydrazine hydrate solution (H¢N,O) was added and the
solution was kept under ultra-sonication at a temperature of 80°C for two hours. Successively, the solution
stirred at 95°C for 12 hrs to continue the reduction reaction process and the solution turns black in color.
This solution is then filtered, washed and dried at 80°C to collect the RGO.

1. 4 Preparation of Gold Nanoparticles (Au NPs) and the stabilization with PVP

Gold nanoparticles (Au NPs) were synthesized following seeded-growth method by Perrault et a/
[3]. Briefly 50 ml ultrapure water was heated under reflux. While boiling 300 pL gold(III) chloride solution
(1 wt. %) was added followed by 900 pL sodium citrate solution (1 wt. %) after 2 min of stirring. The
solution is boiled for additional 2 min and cooled at room temperature. The color changed to red during
the reaction.

The obtained seed Au NPs have a diameter of 20 nm. In a second step these seed particles were
grown bigger to Au NPs stabilized by polyvinylpyrrolidone (PVP). Therefore 250 mL ultrapure water, 10
mL of the before prepared seed solution, 2.5 mL gold(III) chloride solution (1 wt. %) and 2.5 g PVP were
mixed in a Erlenmeyer flask. After the addition of 5 mL 0.03 M hydroquinone solution, the colloid is stirred
for one day at room temperature. The obtained Au NPs have a diameter of 50nm.
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1.5 Preparation of 2D-CNS-Au NPs composites

Both 2-Dimensional CNS materials (graphene derivatives GO and RGO) were taken at a
concentration of 2 mg/mL in DW in separate vials. These dispersions were sonicated for 30 minutes to make
a homogeneous dispersion. From the well dispersed CNS solution, 700 pL taken out in a 2 mL Eppendorf
and added 300 pL of diluted spherical Au NPs of ~ 50 nm size. This was further sonicated for 10 minutes
and kept in a vibrating stand until the thin film formation.

1.6 Fabrication of CNS, CNS-4-MBA andCNS-Au NPs-4-MBA thin film electrodes on Si-substrate

For fabricating a thin film of CNS and CNS-Au NPs on silicon (Si) substrate, all the silicon
substrates were well cleaned by the standard protocol. On this Si substrate of Smm X 5 mm dimensions,
the CNS/ CNS-Au NPs were spin coated separately using 10 pL of hybrid solution. These substrates were
dried at a temperature of 70 °C. On these CNS/ CNS-Au NPs substrates, 5 pL of Raman marker solution
of 4-MBA (1 uM) were incubated for overnight at room temperature. These CNS-4-MBA and CNS-Au
NPs- 4-MBA were further used for to conduct the SERS experiments.

2 Characterization of the materials

The structural characterization of GO and RGO, were characterized by X-ray diffraction (XRD)
technique (Rigaku miniflex-II diffractometer at 30 kV, 15mA). The wavelength of Cu-Kal radiation of
L = 1.5405 A was used for obtaining the XRD pattern. TEM images were obtained using a Zeiss EM
902 instrument. The SERS measurements through Raman mapping experiments were conducted with a
confocal Raman microscope (WITec Alpha 300R, 30 cm focal length and 600 grooves per mm grating
spectrometer) equipped with an EM-CCD. A 632.8 nm line from a He-Ne laser was focused onto the sample
using a 40xobjective (Olympus) with a numerical aperture of 0.6 (5 mW laser power at the sample). For
the Raman mapping, an area of (100 x 100) um? is scanned with an interval of 2um with an integration
time of Is.

3 UV-V is absorption studies

0.3
~530 nm

Q i
o 0.2
o
(341
o]
—
o
n
2 0.1+
<

0.0 T

400 500 600 700 800 900
Wavelength (nm)

Fig S1. UV-vis absorption spectra of PVP stabilized Au NPs
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Figure S1 shows the typical absorption UV-V is spectrum of the PVP stabilized Au NPs in distilled
water. The absorption peak due to the surface plasmon resonance of Au NPs is centered on 530 nm which
is more red shifted in nature comparing to nanoparticles of lesser particle size.

4 XRD studies of 2D-CNS base materials

The XRD pattern of the as-synthesized 2D CNS base materials, namely GO and RGO are presented
in Fig S2. GO shows a strong diffraction peak at ~ 11° (Fig S2a), which corresponds to the (002) reflection
plane with a d-spacing of 8.0 A [1].

XRD Patterns of GO and RGO

(002)

Intensity (a.u)

10 20 30 40 50 60
20 (degree)
Fig S2. XRD Patterns of GO and RGO

The weak and broad band around 42° corresponding to the (100) reflection is due to the turbo static
band of disordered carbon material. The most prominent diffraction peak of RGO is observed at ~24. 5°
(002) attesting the characteristic band of RGO (Fig S2b) with an interlayer spacing of 3.4 A. This value
matches with the well-known XRD peak of RGO [4].

5 Raman Spectra of 2D-CNS Base Materials and 2D-CNS+4-MBA

Figure S3 displays the Raman spectrum of 2D- CNS base materials (GO and RGO) which were
spin coated on the Si-substrate. In Fig S3 (a) and (c), clearly shown the characteristic D and G bands
centered around 1340 and 1580 cm™' can be observed. The broad nature of D-band (disorder band) observed
for both GO and RGO is due to their different functional groups and sp> hybridization present in these
materials. Figure S3 (b) and (d) represent individual Raman spectrum of 2D CNS base materials, GO and
RGO, respectively, which were immobilized with 1 M of 4-MBA. The results attest GO and RGO both
as SERS substrates due to the CM effect (as in GERS) these graphene derivatives can offer; although the
enhancement as expected (due to only CM contribution) is not substantial. Clearly, the G- band becomes
sharper in nature due to the main Raman peak of 4-MBA centered around 1585 cm™!, which is due to the
v(CC) ring stretching coinciding at the same position. The same sharp peak profiles for the spectrums can
be noticed in case of the D-bands.
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D-Band 2-D-CNS and 2-D-CNS+4- MBA
G-Band

(d) RGO+4- MBA

(c) RGO

(b) GO+4- M_B-g

(a) GO

Normalized Raman Intensity

800 1200 1600 2000 2400
-1
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Fig S3. Normalized Raman spectra of (a) GO on Si-substrate where prominent D, G bands of CNS
are marked; (b) GO base materials immobilized with Raman marker 4-MBA (5uL, 1 uM); (¢) RGO
on Si-substrate, (d) RGO base materials immobilized with Raman marker 4-MBA (5uL, 1 pM)
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Encapsulation of optical gratings using nanoporous alumina layers
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In this work, we describe a method to encapsulate optical gratings with nanoporous Al,Os. The encapsulation process
consists of covering a grating, filled with a sacrificial material, by an organic-inorganic thin alucone layer. The element
is than heated upto 400 °C to remove the organic component from the alucone film. The nanoporous Al,Os film, formed
after the removal of the organic component acts as a diffusion layer for the decomposition products of the sacrificial
material. The complete removal of the sacrificial material was confirmed by energy dispersive x-ray spectroscopy (EDX).
© Anita Publications. All rights reserved.

Keywords: Optical gratings, Energy dispersive x-ray spectroscopy (EDX).

1 Introduction

Diffraction gratings are essential components in optical systems to manipulate the propagation
of light. Generally, periodically nanostructured elements are used to diffract the light. The function of the
gratings is highly dependent on the material of the element, on the period, the width and the depth of the
nanostructures as well as on the wavelength of the incident light [ 1 ]. Depending on the mentioned parameters,
the diffraction gratings are widely used in monochromators, spectrometers, laser systems, etc. [2-5].

Even though optical gratings highly enhance the performance of optical systems, they have a
main drawback of being mechanically not as stable as unstructured optical elements. Moreover, the grating
structures are sensitive to contaminations (such as organic rests or particles), which in contrary to e.g. thin
film coatings cannot be cleaned or removed due to the high aspect ratio of the surface. The contamination or
damage of the nanostructures strongly deteriorates the optical function of the optical elements with time.

To protect the nanostructures against environmental influences, different encapsulation methods
were proposed. Nishii ef al covered binary gratings with thin SiO, layers by plasma enhanced chemical vapor
deposition (PECVD) at 400°C substrate temperature [6]. However, the PECVD deposition partially fills
the upper part of the grooves, which in turn can highly reduce the efficiency of the element. Direct bonding
is another method which was applied to protect nanostructures [7,8]. In this case, the structured wafer and
an unstructured wafer of the same material are directly bonded under compressive pressure. In order the
encapsulation through direct bonding to be successful, both surfaces must be highly clean and very smooth.
The bonding process is very challenging and time consuming, since any small defect, contamination or
differences in the height profile of the structures will strongly disturb the optical function.

Recently, Ratzsch et al proposed a new encapsulation process based on the selective removal of a
sacrificial material by wet chemical etching [9]. The encapsulation was realized by first filling the gratings
with a sacrificial material. Afterwards, the excess material on top of the grating was removed and a thin SiO,
cover layer was deposited using atomic layer deposition (ALD). Narrow grooves were created in the cover
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layer to remove the sacrificial material. At the last stage, the sacrificial material was removed by selective
chemical etching in phosphoric acid solution. The drawback of this method is the necessity to pattern the top
Si0, layer by complex etching techniques even though the period of the upper grooves is several hundreds
of nanometer.

In this work, we have deposited hybrid organic/inorganic alucone alloys using atomic layer deposition
(ALD) and molecular layer deposition (MLD). Calcination of these alloys at elevated temperatures leads to
the formation of nanoporous Al,O3. The nanoporous Al,O5 was used as diffusion layer to encapsulate optical
gratings. The gratings were first filled with a sacrificial material (polymer resist) and covered by a thin
alucone layer. Afterwards, the sacrificial material was completely removed by heating up to 400°C. Hence,
the grating structure is finally protected by a thin capping layer of Al,O5 that can be further reinforced by
standard physical vapor deposition techniques.

2 Experimental methods

2.1 Atomic layer deposition (ALD) and molecular layer deposition (MLD)

Atomic layer deposition (ALD) is a powerful thin film coating technique allowing to precisely
control the film thickness of inorganic coatings based on sequential self-limiting surface reactions [10,11].
Similar to ALD, molecular layer deposition (MLD) enables growing completely organic or organic-inorganic
hybrid polymer thin films typically using bi- or multifunctional monomers [12,13]. One class of such hybrid
polymers are alucones which are grown with MLD using trimethylaluminium (TMA) as inorganic and
ethylene glycol (EG) as organic constituent (Fig 1) [14]. By changing the number of MLD cycles, alucone
thin films with desired film thickness can be deposited.

Alucone monolayer
OH

CH,
He Hy
?H il i
3 CH, H,C CH, o o
. e L o
oH ou on WC eHy T ! HO—CH—CH~OH o~ >~ [
Step 1: TMA Dose @Steg 2: Purge Step 3: EG Dose Step 4: Purge
CH, TMA CH,EG

Fig 1. Schematic view of 1

The Oxford Instruments Opal ALD open load system equipped with three precursors and a separate
H,O input was used for these experiments. The alucone alloy films were deposited using alternating
sequences of TMA/H,0 for ALD Al,O; and TMA/EG for MLD alucone. The Al,O; was deposited using 10
ms TMA dose and 30 ms H,O with 7s purge times between each precursor dose. The alucone MLD films
were deposited with 10 ms dose and 7 s of purge times for TMA and 2s EG dose with subsequent purge
of 15s. After the EG purge, 10s of the chamber purge was done to make sure that the whole unreacted EG
molecules get out of the reaction chamber before the next TMA dose entry. All depositions were done at
150°C substrate temperature.

2.2 Characterization techniques

The thickness and the refractive index of the films were obtained by ex situ spectroscopic ellipsometry
(J A Woollam Co., Inc.) in the spectral range of 250—1700 nm. The experimental data were analyzed with
Complete EASE software provided with the equipment. The measured data of the dense film was fitted to a
Cauchy function and of the nanoporous films to effective medium approximation (EMA). For the nanoporous
samples the fit was done from 400 nm to get an improved fit.
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Scanning electron microscopy (SEM) images and energy dispersive X-ray analysis (EDX) for
chemical characterization were recorded with ultra-high resolution Hitachi High-Technologies (Hitachi
S-4800) scanning electron microscope. The scanning time of the sample during EDX analysis was 5
minutes.

Neon 60 Cross Beam focused ion beam scanning electron microscopy (FIB-SEM) was used to get
the cross-sectional micrographs of the encapsulated grating.
2.3 Encapsulation process
To encapsulate optical gratings with nanoporous Al,Os3, a manufacturing process was developed
consisting of 4 steps. The schematic view of the encapsulation of the gratings using MLD/ALD alucone alloy
layers is shown in Fig 2.
Polyme

(1) (2)
) )

1(3)

Alucone

Fig 2. Schematics of the encapsulation process. (1) Spin coating of a polymer sacrificial layer, (2)
planarization, (3) deposition of MLD/ALD alucone alloy layer, (4) removal of the sacrificial layer by
annealing.

In the first step (1) the grating was filled with a sacrificial material by spin coating. As a sacrificial
material, an organic polymer material was chosen (resist AZ1505), which is unstable at high temperatures.
This ensures that during heating the sacrificial material will completely decompose and will be easily removed
from the grooves. The spin coated polymer does not only fill the grooves but also covers the grating bars.
Therefore, in the step (2) the excess amount of the material from the top of the grating is removed. This
was done by reactive ion beam etching (RIBE) using Ar" ions. Afterwards, (step (3)) the deposition of thin
alucone alloy layer on the planarized surface by MLD/ALD was carried out. To ensure a better stability of
the cover layer, 1 cycles of ALD Al,O3 was inserted after every 5 cycles of MLD alucone deposition. In the
last step, the element is heated up to 400 °C to remove the organic constituents from the alucone layer and
the sacrificial material from the grooves.

3 Results and Discussion

In recent years, nanoporous Al,O3; was produced by heating MLD alucone layers at elevated
temperatures [15,16]. These layers were used as diffusion layers to develop highly efficient composite
membranes for H, separation [17] and for producing Cu oxide nanoparticles [18,19]. Moreover, due to the
porosity, the layers were shown to have much lower refractive index than the refractive index of the compact
layers [20]. Nanoporous Al,O5 layers with a refractive index of 1.34 were realized. Here, we apply these
nanoporous thin films as diffusion layers to encapsulate conventional binary gratings.
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Following the scheme shown in Fig 2, we encapsulated binary SiO, grating with a period, groove
width and groove depth of 400 nm, 300 nm and 850 nm, respectively. After spin coating of the sacrificial
polymer and subsequent removal of the excess material, 85 nm alucone/Al,O; layer was deposited by MLD/
ALD. Afterwards, the element was heated from room temperature up to 400 °C at the rate of 10 °C/min and
left at this temperature for 45 h. Figures 3(a) and (b) show a top and cross-sectional view of the encapsulated
grating, respectively.

Fig 3. Focused ion beam scanning electron microscopy (FIB-SEM) micrographs of the binary SiO, grating
encapsulated with nanoporous Al,O;_(a) top and (b) cross-sectional view.

As aresult of the heat treatment, the organic part of the alucone layer was decomposed and removed
leaving nanoporous Al,O5 thin layer as a cover layer. Simultaneously, the sacrificial polymer material also
decomposes to volatile gasses (CO, and H,O mainly), which then diffuse through the porous Al,O; layer.
As it can be seen from the top view image in Fig 3a, the removal of the organic components does not destroy
the cover Al,Oj5 layer, if the alucone film is thick enough. If the capping layer was deposited with 36 nm
alloy thickness, instead of 85 nm, the cover layer was not stable any more but showed cracks all over the
surface. The encapsulation was also not possible, if the alucone deposition was carried out directly on top of
the sacrificial layer, before removing the excess material. This could be caused by a very high pressure which
arises due to the decomposition of the excess polymer amount compared to the amount of the polymer in the
grooves. The sinking on the top is due to the shrinkage or partial removal of the sacrificial AZ layer during
ALD/MLD deposition. This can be improved by choosing another polymer material as sacrificial layer,
which is insensitive to the ALD/MLD processes.
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Fig 4(a). The SEM cross-sectional view of the alucone layer after heat treatment, (b). the effective refractive index
spectra of alucone alloy layer before and after heat treatment.
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To record a good cross-sectional image by focused ion beam scanning electron microscopy (FIB-
SEM) and to protect the sample, deposition of Au (as conducting layer) and locally Pt (as protection layer)
was necessary on the encapsulated grating. Under the burden of these layers, the nanoporous Al,Oj5 layer is
compressed so that the porous nature of the cover layer cannot be observed in Fig 3b. The nanoporous nature
of the Al,O5 layer after heating the alucone layer is revealed in Fig 4a. In this case, the MLD/ALD deposition
was done on Si(100) substrate, and the micrograph was taken with scanning electron microscopy (SEM)
without any further deposition. Moreover, the decrease of the refractive index of the film after heat treatment
from 1.52 to 1.34 at the wavelength of 632.8 nm confirmed the porous nature of the Al,O5 film (Fig 4b).
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Fig 5. Energy dispersive x-ray spectroscopy (EDX) of the SiO, grating encapsulated with Al,Os.

Energy dispersive x-ray spectroscopy analysis (EDX) confirmed that the sacrificial polymer material
was completely removed from the grating grooves. Figure 5 shows that only 4 elements could be detected: O,
Al, Si and Au. The Au signal comes from the conducting layer deposited to obtain the FIB-SEM micrograph.
The Si signal is caused by the substrate (SiO, grating), whereas the cover Al,O5 gives rise to the Al and
partially to the oxygen (O) signal. The carbon (C) signal that might arise from remaining organic component
in the alucone layer or from the resist material could not be detected after thermal treatment.

4 Conclusions

In summary, we have developed a versatile route to encapsulate optical gratings by heat treatment
of the nanostructured elements covered by MLD/ALD deposited alucone/Al,O5 alloy layer. One cycle of
ALD Al,O; was inserted after every 5 cycles of MLD alucone, to avoid excessive collapse of the film after
the removal of the organic constituents. The evolution of the porosity in the cover layer and the removal
of the sacrificial polymer material could be achieved by simple heat treatment up to 400 °C in air. The
EDX measurements showed no signal from carbon (C) after heating, indicating the complete removal of
the sacrificial polymer material from the grooves. Further experiments will be carried out to improve the
quality of encapsulation by preventing the sinking of the cover layer and to apply this encapsulation method
to functional optical elements.
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Ruthenium complexes containing a 4H-imidazole chromophore feature a spectrally extremely broad absorption in the
UV-Vis and near IR spectral range. In addition, these complexes show a notable redox activity and high chemical
stability. These important characteristics render these systems promising for electron storage and inter-molecular electron
transfer. But in order to improve the function of electron transfer or storage by modifying the structure, photo-induced
structural changes and charge transfer processes with the molecular functionality need to be correlated. This includes
also a fundamental understanding of relevant photo-excited states, complex stability and reaction pathways, particularly
for multiple electron transfer steps in order to identify parasitic processes, which delimitate the functionality. However,
the reactivity and short lifetime of electronically excited complexes renders the detailed spectroscopic characterization
cumbersome. In this contribution the combination of spectroscopic tools with the electrochemical preparation of single
and double reduced states is used to model the long-time behavior of photo-activated complexes. Specifically, UV-Vis
and resonance Raman spectroscopy are performed to investigate a four times quasi-reversible reducible ruthenium
complex and the results are analyzed using computational methods. © Anita Publications. All rights reserved.

Keywords: Ruthenium complexes, 4H-imidazole, Chromophore, Redox activity, Life time, UV-Vis and Resonance
Raman spectroscopy.

1 Introduction

The unlimited hunger for energy in combination with standard energy production from fossil fuels
is a major threat for the future of our societies. While a significant reduction in the total energy consumption
is not in sight, the most promising strategy is to substitute fossil fuels by renewable energy sources. Here,
solar energy represents the most reliable source for billions of years and green plants demonstrate fruitful
strategies for efficient energy collection, conversion and storage. One promising strategy for the conversion
of solar to chemical energy is the process of photo-catalytic hydrogen generation [1-3]. Key of the process
is a stable photocatalyst, which efficiently collects multiple photoelectrons to catalyze the hydrogen
generation. Promising catalytic structures need to be highly stable and efficient, which results in a large
turn over number (TON) per molecule and time interval. Hence, the catalysts absorption spectrum needs to
match the solar emission spectrum in order to efficiently absorb light. Furthermore, photocatalysts should
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possess relatively long-lived photo-excited states, such that in comparison to the photoactivation process
slow diffusion controlled rereduction of the oxidized photocenter by an electron donor generates a stable
charge separated intermediate state [4-6]. These characteristics apply essentially similarly for intramolecular
systems composed of antenna, primary electron donor, electron-relay structure and reaction center in a single
molecule as well as intermolecular catalysts, where these structures represent separate molecules [7].

To date ruthenium-polypyridyl complexes which can simultaneously accumulate and store multiple
electrons are the best artificial structures for photo-induced energy conversion [8,9]. However, the amount of
two electron accepting structures, which feature an absorption spectrum spanning the visible spectral range
is marginal [5,10]. Only recently the anion of 2-Phenyl-N, N -substituted-5-p-amino-4-p-iminoimidazole
(4H-imidazole) [11] depicted in Fig 1A has been reported to exhibit two-electron-storage capability in
combination with a strong absorption covering a substantial portion of the visible spectrum. Hence, further
improvements can be expected by fine tuning the electronic configuration via functionalization of the dyes’
core structure. By two electron reduction of 4H-imidazole an aromatic trianion is formed which spatially
localizes two electrons [12,13]. Due to this particular property in combination with the small dimension
of the molecule, the 4H-imidazole chromophore represents an excellent candidate as electron acceptor for
inclusion in larger inter- or intramolecular electron transfer systems. Ruthenium'-polypyridyl complexes
binding the 4H-imidazole structure feature a broad absorption covering the visible to NIR spectral range.
The broadening of the absorption upon complexation of the ligand with a d® metal is due to additional
metal to ligand charge transfer (MLCT) excitations in the complex in addition to ligand centered states
[14-16]. Furthermore, by substitution of the 4H-imidazole moiety the light-driven charge transfer kinetics
upon excitation of an MLCT state can be tailored to fit a specific application [ 14].

I‘IM pA
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E /Vvs. Ag/AgCl

RulmN(CH;),

Fig 1. Molecular structure of the complex RulmN(CHj3), (A) and cyclic voltammogram (B) for the first (red
curve) and continuing (green curve) reductions of RulmN(CH3), acquired in 0.1 M tetrabutyl ammonium

tetrafluoroborate (TBABF,)/ACN (acetonitrile) at a glassy carbon working electrode at a scan rate of 100
1

mVs™.
Nevertheless, while ruthenium complexes incorporating 4H-imidazole are promising, so far the
photo-physical properties of these structures have been only rarely studied in detail in dependence of the re-
dox-state by advanced spectroscopic methods [ 10]. Time-resolved spectroscopic tools, e.g., transient absorp-
tion, help to identify the temporal evolution of excited states [ 17] and reveal the time constants of the decay
processes on timescales between less than 10 fs up to ns [ 18]. While slower processes are also accessible by
time-resolved methods, e.g., on the us timescale, the formation of long-lived catalytically active intermediate
states during photo-induced charge transfer reactions is still difficult to observe. Interestingly, the electronic
configuration after photooxidation and subsequent reduction of the photocenter by an electron donor is equal
to a reduction product. Thus, electrochemical methods can be employed to prepare the aromatic anion of
Ruthenium'-4H-imidazoles, which is identical to an intermediate in the photo-catalytic reaction pathway
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[19]. The combination of resonance Raman (RR) with spectro-electrochemistry (SEC) enables (i) the iden-
tification of structural changes upon reduction, (ii) the localization of the charges and (iii) contribute to the
understanding of the excited state dynamics on long timescales. RR-SEC is ideally suited to characterize
long-lived intermediate states. In this contribution the complex RuImN(CH3), (Chloro-;*-4,4",4"" -tri-tert-
butyl-2,2":6",2""-terpyridin-#>-phenyl-4,5-p- p-dimethylaminophenyl-imino -imidazolate-Ru') (Fig 1A) and
its anions are for the first time studied by combining electrochemistry coupled to UV-Vis and resonance
Raman spectroscopy in order to optimize the structures for applications in light-induced catalysis, e.g., for
hydrogen generation. For interpretation, the results from RR-SEC have been modeled at the (time-dependent)
density functional theory (TDDFT) level.

2 Experimental

The ruthenium!" complex RuImN(CHj;), was synthesized according to literature [15]. The

investigated analyte solutions were prepared by dissolving the analyte in acetonitrile (ACN, Aldrich). The
solvent was thoroughly degassed and dehydrated using calcium hydride and twice drawn by distillation. The
electrochemical measurements, i.e., cyclic voltammetry and UV-Vis-spectro-electrochemical measurements,
were performed using either a standard electrochemical cell or a thin-layer quartz spectro-electrochemical
cell (Bioanalytical Systems, Inc). To the degassed analyte solution (50 uM) 0.1 M TBABF, was added as
electrolyte. The analyte solution was investigated by cyclovoltammetry between the open circuit potential
(ocp) and the reduction potential of the solvent (Fig 1B). During cyclovoltammetry UV-Vis absorption spectra
of the solution were acquired in a three-electrode configuration. For all electrochemical measurements a
Pt-counter and a Ag/AgCl-pseudo reference electrode were employed. For SEC measurements in a special
SEC cell (Bioanalytical Systems, Inc) a Pt-gauze working electrode was used, while a glassy-carbon working
electrode was employed in a standard electrochemical cell. The solutions were completely degassed with
Argon just before the measurements were performed. UV-Vis absorption spectroscopy was conducted using
a two-beam UV-Vis spectrometer (Cary 5000, Varian) at 1 nm spectral resolution and at room temperature.
For acquiring RR spectra an Argon-ion laser (Innova 300C, Coherent) was used as excitation source. RR-
SEC measurements were performed in transmission mode. The laser was filtered using a laser clean up
filter (Semrock) and focused into the SEC cell at the working electrode using a 10x microscope objective
(Olympus). The scattered light was collimated using an achromatic lens. The Rayleigh scattered light was
filtered by a long pass filter (Semrock) and the remaining signal focused into a fiber by an achromatic
lens. The fiber was coupled to the entrance slit of a 750 mm focal length spectrograph (Acton SpectraPro
27581). The Raman spectra were recorded at 100 um entrance slit width using a grating with 600 lines/mm
using a liquid nitrogen cooled CCD (SPEC-10, Roper Scientific). All spectra were normalized to the 1373
cm ! Raman band of acetonitrile. The spectra were preprocessed in order to calibrate the wavenumber axes
equally and to achieve background-corrected spectra. Reproducibility of the measurements was ensured by
acquiring RR spectra at the open circuit potential (ocp) before and after each spectroelectrochemical data
acquisition (Fig S1).

3 Computational Details

In order to reduce the computational cost of the simulations without affecting the spectroscopic
properties of the complex, the three tert-butyl groups of the terpyridine ligand have been approximated in
the calculations by methyl groups. The structural and electronic data for RuImN(CHj), were obtained from
quantum chemical simulations performed using the Gaussian 09 program [20]. The complex has been inves-
tigated in its non-reduced singlet form as well as in its single reduced doublet and its double reduced singlet
and triplet forms. The geometries, vibrational frequencies and normal coordinates of the electronic ground
state (non-reduced: singlet, single reduced: doublet, double reduced: singlet and triplet) were calculated at
the DFT level of theory using the B3LYP [21] exchange-correlation functional and employing the 6-31G(d)
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double-£ basis set [22] for all main group elements. For the ruthenium atom the 28-electron relativistic
core potential MWB [23] was applied with its basis set describing the valence electrons (4s, 4p, 4d and 5s)
explicitly and the inner shells by means of a core potential. In order to correct for the lack of anharmonicity
and the approximate treatment of electron correlation the harmonic vibrational frequencies were scaled by a
factor of 0.97 [24].Vertical excitation energies, oscillator strengths and analytic Cartesian energy derivatives
of the excited states were obtained by TDDFT within the adiabatic approximation and by utilizing the same
exchange-correlation functional, basis set and pseudopotential. As shown in Refs [14] and [15], B3LYP pro-
vides the most balanced description of the absorption features for this class of complexes.

The simulated absorption spectra have been determined based on the excitation energies and oscilla-
tor strengths of the 80 lowest excited states of the respective ground state multiplicity. The integral equation
formalism of the polarizable continuum model [25] was applied to take interactions with a solvent (ACN:
€ =35.688, n=1.344) into account with respect to the equilibrium geometry, vibrational frequencies, excita-
tion energies, transition dipole moments and excited state gradients. For the calculations of the excitation
energies and excited state gradients, where only the fast reorganization of the solvent is important, the non-
equilibrium procedure of solvation was used.

The RR spectra have been calculated within the independent mode displaced harmonic oscillator
model (IMDHOM) assuming that the electronic ground and excited states potentials are harmonic oscillators
and merely displaced in the equilibrium position and, hence, share the same set of vibrational modes [26].
Detailed information with respect to the computational method can be found in Refs [27] and [28] and the
references therein.

In order to calculate the RR intensities of the present ruthenium complexes upon excitation at
514 nm a dumping factor of I' = 1500 cm™ describing homogeneous broadening was assumed in the simula-
tion to reproduce the experimental broadening.

The RR intensity pattern for the non-reduced form has been simulated by taking into account con-
tributions from the Sg, S7, Sg, S¢ and S;,, while all excitation energies have been shifted by -1600 cm™. The
respective RR spectrum of the single reduced form was obtained based on the unshifted excited doublet states
D51, Dy, and Dy¢. For the RR intensity pattern of the double reduced complex singlet as well as triplet multi-
plicity was taken into account. In case of the double reduced singlet contributions from the excited states Sy,
Si3, Si4 and S5 have been considered, while for the corresponding triplet the states Tg, T1g and T,3 have been
investigated.

4 Results and Discussion

The chemical structure of RulmN(CHj3), is displayed in Fig 1A. In Fig 1B the cyclic voltammo-
gram (CV) acquired in the reductive potential range of the ruthenium complex RulmN(CH3), is depicted.
The CV is characterized by four quasi-reversible reductions at —1.20, —1.35, —1.64 and —1.80 V. The first
and second reduction steps are close together, hence, the respective peaks are not well resolved in the CV.
The first reduction is localized at the 4H-imidazole ligand [29]. However, cyclic voltammetry alone does
neither allow for identifying reduction products, nor does it enable to retrieve information on the location of
the negative charge and accompanying structural changes. To determine structural alterations upon reduc-
tion, the neutral as well as the electrochemically reduced complex RulmN(CHj3), were spectroscopically
investigated utilizing UV-Vis and RR spectroscopy. Therefore, first results from UV-Vis spectroscopy of the
neutral and the reduced complex are presented, followed by data from RR spectroscopy. In Fig 2 measured
UV-Vis spectra of the neutral and reduced complex RulmN(CHj), are compared with TDDFT calculations.
Photoexcitation of RulmN(CH3), in the UV-Vis (> 400 nm) (Fig 2A) leads to the population of several
bright MLCT states towards the 4H-imidazole such as S,, S¢ and Sy, see acceptor orbital in Fig 2C, but also
towards the terpyridine ligand (S;, Sg and S;,) [ 14]. The first reduction of RulmN(CH3), at —1.20 V is local-
ized at the 4H-imidazole ligand as derived from DFT (single reduced doublet). During reduction, the peak of
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the energetically lowest absorption declines, whereas the MLCT band at 500 nm shifts bathochromically to
520 nm. The computational results, illustrated in Fig 2B, unravel the electronic excited states underlying this
bathchromic shift, which is related to three bright MLCT states associated with the terpyridine ligand (see
D,;, Dy, and Dyg; detailed information are summarized in table S1 and S2 of the supporting information) of
the single reduced doublet species at 547, 542 and 512 nm, respectively. However, due to the vicinity of the
first and the second reduction potential a (partial) contribution originating from the double reduced species to
the observed absorption spectrum cannot be excluded. Here, two potential spin states - singlet and triplet - are
conceivable, while both spin states feature with the S;4 and S;5(520 and 512 nm) as well as with the T4, T
and T»3(602, 587 552 nm) bright excited states in the region of the newly formed absorption feature (520 nm)
upon reduction, see Fig 2E and F as well as table S| and S2 for detailed information.Thus, a (partial) contri-
bution of the double reduced complex to the rising absorption feature in Fig 2A cannot be excluded.
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Fig 2 A. In situ UV-Vis absorption spectro-electrochemical analysis of intermediate reduction states of
RulmN(CHj3),. The RR excitation wavelength is displayed as a green line in the spectra. (B) Calculated spectra
of RulmN(CHj3), (black: non-reduced singlet, red: single reduced doublet). (C) Photoexcitation of the non-reduced
complex at 514 nm results in transfer of excess charge density into the LUMO localized at the 4H-imidazole
ligand. (D) Main acceptor molecular orbitals of single reduced RulmN(CHj3), upon photoexcitation at 514 nm.
Calculated absorption spectra of double reduced singlet, (E), and triplet, (F) of RulmN(CHjs), (blue).

As can be seen based on the quantum chemical investigation on the single reduced species, all bright
excited states in the visible region are of MLCT character towards the terpyridine ligand (Fig 2D). Hence,
in contrast to the isolated reduced 4H-imidazole upon incorporation into a complexthe 4H-imidazole ligand
does not accept an additional excess charge upon photoexcitation. To obtain further insight into structural
changes upon photoactivation and single reduction, RulmN(CHjs), was investigated during reduction by
RR-SEC. RR spectroscopy is the ideal tool to determine key structure changes and changes in the electronic
configuration during photoactivation. This is due to the fact, that normal modes become selectively enhanced
in RR spectra, which are strongly affected by the molecular rearrangement upon absorption. These modes
are so-called Franck-Condon active modes [27,30]. In agreement with results from UV-Vis SEC, the first
reduction is localized on the 4H-imidazole fragment, assuming, that reduction and photoexcitation populate
the same electronic state. Raman marker bands of the 4H-imidazole are enhanced in the RR spectrum of
the non-reduced complex (Fig 3 black traces and Table S3). In order to investigate the nature of the MLCT
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states underlying the newly formed absorption feature of the reduced RuImN(CHj3), at 520 nm RR-SEC
was performed. The RR-SEC spectrum measured upon excitation at 514 nm is depicted in Fig 3A (blue
traces); it is dominated by intense Raman features at 1476 and 1504 cm™'. The simulated RR intensity pattern
obtained for the single reduced (doublet) complex is in fair agreement with the experimental pattern and
features almost exclusively intense vibrational normal modes localized on the terpyridine ligand. In order
to investigate a possible double reduction caused by the close lying first and second reduction potentials,
RR spectra have been calculated not only for the single reduced doublet but also for the double reduced
singlet and triplet form, while DFT predicts the double reduced triplet to be 0.06 eV more stable than the
singlet. In line with this result the simulated RR spectrum of the double reduced triplet is in very good
agreement with the experimental spectrum (Fig 3, Table S3), while no appreciable agreement was found
for the respective singlet species. Thus, the experimental data indicate a (partial) double reduction at the
given experimental conditions, and the Raman features observed upon reduction (1476 and 1504 cm™) can
be assigned to terpyridine centered vibrational modes at 1482.0 and 1503.0 cm™'. Detailed information with
respect to the calculated RR spectra as well as to the computational protocol are presented in the supporting
information. The population of the triplet state agrees also (i) with the calculated LUMO-orbitals of the
neutral and the single reduced complex as depicted in Fig 3C and D and (ii) with the RR-SEC data, which
point to localization of the photoelectron of the single reduced RulImN(CH3;), on the terpyridine ligand.
This is a notable difference to the non-reduced species RulmN(CH3),, in which photoinduced metal-to-
ligand charge transfer is directed towards the 4H-imidazole ligand (Fig 3C, S5). Therefore, confinement
of a (photo)electron at the reduced 4H-imidazole ligand is energetically not favored for the RulmN(CHj3),
complex due to Coulomb repulsion, even though the free 4H-imidazole ligand can accept a second electron
as shown by electrochemistry.

Experiment A
non-reduced RulmN(CH,)
reduced RuImN{CH3}z

5 Ll
Theory
non-reduced singlet
single reduced doublet
double reduced triplet

Raman Intensity

1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber / cm™

Fig 3. (A) Experimental RR spectra of non-reduced (black) and electro-chemically reduced (blue)
RulmN(CHj;),, excited at 514 nm. B) TDDFT-calculated RR spectra of non-reduced singlet (black), single
reduced doublet (red) and double reduced triplet (blue) of RulmN(CH3),.The good agreement of the double
reduced pattern with the experimental results points the presence of the double reduced species during
electrolysis. The labeled vibrations are assigned by means of quantum-chemical calculations.

This phenomenon can be understood based on the computational results as summarized in Table 1,
where the main structural parameters and relative ground state energies are given for the non-reduced, the
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single reduced and double reduced species. In line with the first photoexcitation of the non-reduced complex
being (mainly) directed towards the 4H-imidazole, the first electrochemical reduction of RuImN(CH3), is
localized on the 4H-imidazole. The two-electron storage capacity of the 4H-imidazole is governed by the
population of two competitive states, the double reduced singlet and the double reduced triplet. As can be seen
in Table 1, the equilibrium structure of the complex is hardly affected upon single reduction. Introduction of
yet an additional electron to the system can lead to a double reduced singlet, where both electrochemically
introduced electrons are located on the 4H-imidazole and a double reduced triplet, where both ligand spheres
(4H-imidazole and terpyridine) comprise each one electron. Here the equilibrium structure of the triplet
shows again at best marginal alternations from the non-reduced and the single-reduced forms.

Table 1. Electronic ground state energies (E) and structural parameters (bond lengths: r; and r,, pyramidalization: o;
and a,, torsion of the terminal anilyl moieties with respect to central 4H-imidazole plane: 8, and §,) for the non-reduced
(singlet), the single reduced (doublet) and double reduced species (singlet and triplet).

NM62 E/eV rl/A l’z/A (11/0 (12/0 61/0 62/0

Non-reduced
0.00 2.194 2111 179 177 42 54

thter singlet
py\ r %N 52 Single reduced
N .* _N -249 2211 2.120 174 176 -29 41
Ruz*" Yo >_© doublet
S NN Double reduced
c’ lai s ouble reduce 451 2169 2113 154 171 -2 15
e singlet
Double reduced
N . —-4.57 2243 2118 171 179 22 41
triplet
Me,

However, in the double-reduced singlet state the 4H-imidazole undergoes considerable structural
changes. In order to stabilize two charges the terminal anilyl moieties planarizes with respect to the
central fragment as reflected in the changes of the dihedral angles 8, and &, (Table 1). This planarization
is accompanied by a slight pyramidalization of the anilyl moieties as reflected in the values of o; and a,.
These structural alterations enable a distribution of the two additional charges along the entire m-system
of the ligand. However, comparison of the ground state energies of both double reduced forms yields that
the triplet, distributing both electrons on both ligand spheres is by approximately 0.06 eV more stable
than the singlet state. Hence, the electron donating character of the terminal dimethylamino groups of the
4H-imidazole fragment provide additional charge density to the ligand hindering the stabilization of the
double reduced singlet state.

5 Conclusion

The investigation of long-lived photointermediates and their photo-physical properties is of vital
importance for any photo-activated process, this is in particular the case for light-harvesting molecular
devices. In order to determine the (multi-) electron storage capacity of such molecules, spectro-electrochemical
methods, i.e., UV-Vis-spectro-electrochemistry and resonance Raman (RR)-spectro-electrochemistry coupled
with quantum chemical calculations are the method of choice. The joint spectroscopic-theoretical investigation
on the two-electron storage capacity of a ruthenium complex containing a 4H-imidazole black dye presented
here reveals that the primary photoexcitation shift charge density from the central ruthenium' ion to the
4H-imidazole ligand. To investigate the charge density shifts associated with a second photoexcitation UV-
Vis- and RR-SEC measurements have been performed. Based on quantum chemical calculations the newly
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formed absorption features of the reduced complex where assigned to terpyridine centered MLCT states.
In line with this finding also the RR signals of the (single and double) reduced RulmN(CHs), point to a
charge transfer towards the terpyridine sphere. The keystone in transferring two (photo) electrons on the
4H-imidazole was found to be correlated to the competitive population of the double reduced singlet and
triplet. Exclusively, the double reduced singlet is able to stabilize two additional charges on the 4H-imidazole
caused by a planarization of the entire ligand and, thus, enabling an effective charge distribution. However,
the electron-donating dimethylamino groups in the periphery of the 4H-imidazole destabilize the double-
reduced singlet state by donating additional charge-density to the 4H-imidazole. In consequence, double
reduced triplet state is populated featuring one (photo)electron on each ligand sphere.
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Table S1. Calculated bright electronic excited states for the non-reduced (singlet) and single (doublet)
reduced species of RuImN(CHj3), with main contributing transitions, excitation energies E¢ (in e¢V) and
wavelengths A (in nm), oscillator strengths £, and eigen values of

Non-reduced singlet

State Transition Weight /%  E°/eV A/nm I hexp / M
S, d,(198) — m;,"(199) MLCT 86 181 687  0.1309  0.00 710
dy— iyt Tin(196) — Ty (199) MLCT 53
dy,+ dyyt 1 (197) = my (199) MLCT 13
Se " Tim(197) m (199) 235 527 02682  0.00 583

d,,(198) — m;,, " (199) MLCT
dyy(195) = mp, (199) MLCT

dy— dyyt Tin(196) = ey (200) MLCT 46
S, K 236 525 0.0848  0.00
dy,(194) — ey (200) MLCT 11
dyy(195) = Tyerpy (200) MLCT 43
Sg  dyt dyyt Min(197) = Tierpy (200) MLCT 14 241 514 0.0991  0.00
dy— dyyt Tin(196) = ey (200) MLCT 11
dy(195) = My, (199) MLCT 29
dy— Ayt Tin(196) — iy (201) MLCT 22
So  dy,(194) — m;,"(199) MLCT 15 245 507  0.1533  0.00
dyy(195) = My (201) MLCT 13
gt dyyt Ti(197) = ey (201) MLCT 9
dey(195) = ey (201) MLCT 43
Sin Ayt diyt min(197) — myp, (199 MLCT) 21 2,57 482 0.1527  0.00 499
dy(195) — m;p, (199) MLCT 10
Single-reduced doublet
State Transition Weight /%  E°/eV  A/nm f Rexp / M
dy,+1y,(198 Ty (2018) MLCT 71
Dy, m(1980) = i (201) 1.77 701 0.0819 0.83

Ay Ti(1980) — Tierpy (20100) MLCT 18
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i (199a) — 7, "(20500) ILCT

T (19901) — Ty, "(20400) MLCT
dyy+ i (197B) — T (201B) MLCT
i (199a) — 7, "(20500) ILCT

dy,(196B) = Tierpy (200B) MLCT
dy,(196B) = Myerpy (199B) MLCT
dy,(19601) — Tyerpy (2000) MLCT
dy,(1960) = Tierpy (2010t) MLCT
dy,(195B) = Tyerpy (200B) MLCT

dy(1950) = Tyerpy (2000t) MLCT
d,(195B) = Myerpy (199B) MLCT
dy,(19601) — Tierpy (2010) MLCT
dyy* iy (197B) = Tierpy (2018) MLCT

d,(195B) = Tyerpy (2008) MLCT
de(19501) = Tiepy (2010) MLCT

dxy+nim*( 1 973) - nterpy*(20] B) MLCT
dxz(lgsa) - Ttlerpy*(2010c) MLCT
dxz(195B) - nterpy*(zooﬁ) MLCT

T (19901) — d,2 (20601) LMCT

dy, tTin(19801) — Tyerpy (20301) MLCT
o (199a) — 7, "(20500) ILCT

dyy (194B) — Mierpy (2018) MLCT

e, n(198B) = Tierpy (2038) MLCT
e (195B) = TMierpy (201B) MLCT

T (19900) — dyeo(2130) LMCT

Tim(1930) = dye:(213ct) LMCT
nim*(l99a) - dzz (2140) LMCT

Double reduced singlet

Tim(198) = Tierpy (200)
Tim(198) = Tierpy (201)
dey(197) = ey (200)
dy(197) = My (201)
dy(196) = Tierpy (200)
d(195) = Tierpy (200)
Ty (199) — d,2(205)
dy(196) — Tyerpy (201)
T (199) — 15, (204)
dy,(196) — Tierpy (200)

34
21
16
12

23
16
14
13
12

29
15

32
30

32
31

18
12

54
12

46
40
58
22

38
37
40
21
13
10

2.13

2.27

2.29

2.35

2.42

2.84

3.17

1.59

1.93

2.32

2.39

582

547

542

528

512

437

391

779

644

534

520

0.0461

0.0947

0.0697

0.0526

0.2338

0.0316

0.0594

0.0756

0.0606

0.0523

0.0582

0.94

0.87

0.90

2.45

0.92

1.18

1.43
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520

520

520

520

375
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d,(195) = ey (201) 35

g, m (199)_%““’3 (206) 22 242 512 0.1651 -
dy,(196) = Tierpy (200) 10
Ty (199) — d,2(205) 9
dy,(196) = Tierpy (201) 25

Sis d(195) = Mgy (201) 17 247 501 0.1913 -
Tim (199) = ey (206) 10

Sy (199 = My (202 o0 262 474 0.0333 :
A (195) = Mgy (201) 14

Si9 Tim (199) = Moy (210) 92 264 470 0.0503 -

Double reduced triplet

Te  Tym (198B) — myp (199P) 86 1.54 805 0.0798 2.13
Tierpy (20001) — T, (20301) 19
T (1990) — 3, (20301) 17

1, So197P) = mn (1990) b 206 602 02451 222 520
Tierpy (20001) = Tierpy (20401) 10
Tierpy (20000) — T, (20601)
dy,(196B) — i, (199B)
Tierpy (20000) — T, (20501) 35

Tis  Tim (19900) — 7,0, (20601) 9 2.11 587  0.0782  2.33 520
dey(1970) = Mgy (201a1)
dy,(1960) = ey (20101) 32

Tas d*yﬁwm)*“*ﬂw*(f 01F) = 224 552 0.0496 217 520
Tim (19901) — Ter,y (20401) 15
dy(1970) = Tyerpy (201 00) 7
dy,(195B) — m; (199P) 46

T30 Tim (198B) = Tierpy (202P) 18 241 515 0.0644 288
d,(19801) = Mgy (20201) 11
dy,(195B) — i (199P) 33

T3 Tim (198B) = Tierpy (202P) 24 244 509  0.0446 3.16
e (19801) = ey (20201) 20
Tierpy (20000) — dye:(21701)

Ty T (1990) — m, (21000) 9 275 450  0.0410 226
Tierpy (20000) = Tyejocal (21200)
Tim(194B) — T (199B) 46

Tis  Tierpy (2000) = Tgeiocar (21100) 29 287 432 0.0524 217
Tierpy (20000) = Tyejocal (21200) 6
Tierpy (20000) = Tgetocar (211a) 27

Tis  Tim(194B) — mi (199P) 26 287 432 0.0376 222

Tl:terpy;‘< (20000 - ndelocal*(z 1 20() 21
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T gy (200) ~ d(2130) 29 294 422 0.0562 224
B ey (20000) — Ty (21500) 8 ' ’ '
T, ey (20000 My (2150) 29 296 419 00746 244
Tierpy (20000) = Tyejocar (21201) 13

Table S2. Molecular orbitals involved in the main transitions of the bright electronic excited states of the non-reduced
(singlet) and the single reduced (doublet) species of RulmN(CHj;),.

Non-reduced singlet

d,(194)

dxz( 1 98) nim*( 1 99) 7":terpy*(zoo) 7":terpy*(zo 1 )

Single reduced doublet

Tim(19301) d,(1950) d,,(1960) d, 7, (19801)
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d,: (2060)

dyy (194B) d(195B) dy(196B) Ayt (197B)
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dxz+nlm(1 98[3) 7Tterl:)y*(199[3) nterpy*(ZOOB)

Double reduced singlet

d,,(205)

Terpy (201P)

Mierpy (210)



S:152 Linda Zedler, Stephan Kupfer et al

Double reduced triplet

Tcdelocal*(z 11 (X) Tcdelocal*(z 1 2(X) dz’(z 1 3) nterpy* (2 1 S(X)
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Tim(194p)

Tierpy (200B) Tierpy (201P)

Terpy (202B)
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Table S3. Assignment of the vibrational frequencies (cm™) and calculated relative RR intensities (/;e)
for the non-reduced, the single reduced and double reduced (triplet) complex.

Non-reduced singlet

mode Veq fom™! Ve /om L
157(im) 1119.3 0.06
167(im) 1179.6 0.07
168(terpy) 1180.2 1185.1 0.09
172(im) 1234.0 1241.8 0.06
186(terpy) 1322.5 1310.8 0.32
189(im) 1336.5 1327.7 0.26
191(im) 1349.3 0.05
192(im) 1360.1 1355.6 0.07
193(im) 1378.5 0.91
194(terpy) 1391.0 0.07
197(terpy) 1399.5 0.12
204(terpy) 1437.1 0.06
217(terpy) 1467.1 0.13
218(terpy) 1473.4 1473.5 0.07
222(im) 1492.4 1491.3 0.39
228(terpy) 1548.9 1542.1 0.24
232(im) 1563.7 1554.3 1.00
233(im) 1577.1 0.08
236(terpy) 1609.3 1607.3 0.50
Single reduced doublet

mode Ve fom! Vo /om! Ly
144(terpy) 1022.4 0.05
168(im) 1180.1 0.10
181(terpy) 1277.5 0.06
186(terpy) 1313.9 0.12
193(im) 1376.2 0.26
194(terpy) 1389.0 0.31
197(terpy) 1398.9 0.27
206(terpy) 1451.2 0.12

218(terpy) 1467.2 0.06
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220(im) 1482.3 0.42
224(im) 1498.1 0.14
226(im) 1503.3 0.05
229(terpy) 1519.3 0.27
230(terpy) 1540.4 0.32
235(im) 1590.3 0.07
236(terpy) 1602.5 1.00
239(terpy) 1611.8 0.10
240(im) 1612.3 0.09

Double reduced triplet

mode

142 1001.0 0.20
143 1009.9 0.06
144(terpy) 1014.7 0.06
164(im) 1146.4 0.05
165(terpy) 1150.0 0.07
168(terpy) 1172.1 0.19
175(im) 1275.7 0.11
177(terpy-+im) 1251.7 0.05
179(im) 1265.9 0.06
181(im) 1280.3 0.06
182(terpy) 1285.6 0.07
184(terpy) 1300.7 0.05
185(terpy-+im) 1301.7 1315.1 0.10
193(terpy) 1366.3 0.06
194(im) 1385.0 0.05
206(terpy) 1451.5 0.05
220(terpy) 1479.0 0.08
221(terpy) 1482.0 1476.2 0.46
228(terpy) 1503.0 1503.7 1.00
233(terpy) 1542.9 0.27
236(terpy) 1580.4 0.28
237(im) 1589.1 0.61

238(terpy) 1606.0 0.14
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RulmN(CHga)5 before SEC
—— RulmN(CHg), after SEC
axe = 514 nm

Raman Intensity

1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber / cm™!
Fig S1. RR spectra of RulmN(CHj), excited at 514 nm before applying potential (black curve) and after

recovery upon reoxidation of the reduced species (red curve). Only minor alterations in the spectra prove
the general reversibility and recovery upon reoxidation of the reduced RulmN(CH3),.
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Dehydration of 3-octanol studied by 2D Raman, IR and NMR hetero correlation spectroscopy
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(Dedicated to Professor Wolfgang Kiefer on the occasion of his 75" birthday)

2D correlation spectroscopy is a useful technique for analyzing chemical reactions. We studied the acid catalyzed
dehydration of 3-octanol at 150 °C with FT Raman, FT- ATR- IR and 1H NMR and evaluated the use of 2D correlation
spectroscopy in particular the correlation of spectroscopic data from different methods with one another. This 2D hetero
correlation approach proved to be useful in validating the signal assignment but otherwise limited in use. We could
also show that all four possible octene isomers are forming over the course of the reaction.©O Anita Publications. All
rights reserved.

Keywords: 2D correlation spectroscopy, FT-Raman, FT-ATR-IR and 1H NMR

1 Introduction

Modern chemistry relies to a great extent on spectroscopic methods like e.g. infrared absorption (IR),
Raman or nuclear magnetic resonance (NMR) spectroscopy to study complex molecules or chemical reactions.
Every spectroscopic method has its own advantages and disadvantages, thus it is often advantageous to
combine the results of different spectroscopic approaches. Nevertheless, the exact identification of molecules
and the correct assignment of all spectroscopic signals is very often rather difficult. One problem in this
context is the finite bandwidth of spectroscopic signals and that is why it is difficult to separate strongly
overlapping signals.

One approach to overcome this difficulty and to combine different spectroscopic methods effectively
represents two-dimensional (2D) correlation spectroscopy invented by Noda in 1986 [ 1] and later generalized
in 1993 [2]. In general 2D correlation spectroscopy allows the correlation of an external perturbation with
the spectroscopic information. In this way it is possible to follow even small changes introduced for example
through a chemical reaction or an elevated temperature.

2D correlation is based on the Fourier- or Hilbert-Noda transformation of a perturbation-dependent
dataset [2-6]. This correlation analysis emphasizes changes from a predefined reference state. The results
of the 2D correlation analysis are the so called synchronous and asynchronous correlation spectra, which
can be interpreted using the Noda rules [7].

While 2D correlation spectroscopy started with the homo correlation of the same dataset with
itself [3, 8], today it is possible to correlate different spectroscopic methods with each other [9,10]. By the
application of hetero 2D correlation spectroscopy it becomes possible to follow chemical processes, which
otherwise cannot be studied in such detail [11,12]. For example Yamasaki and Morita studied the epoxy
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curing reaction between diglycidyl ether bisphenol A and 1,6-diaminohexane combining MIR and NIR
spectroscopy [13]. It is important to note that the perturbation must be the same, if different spectroscopic
techniques are correlated with each other [14].

OH H3PO,, 150 °C

\)\/\/\

Fig 1. Reaction scheme of the acid catalyzed dehydration of 3-octanol with phosphoric acid. The products are
(Z) 2-octene (top left), (E) 2-octene (bottom left), (Z) 3-octene (top right) and (£) 3-octene (bottom right).

Here, we were interested in using a 2D hetero correlation approach to transfer the information
derived from one spectroscopic method to another one in order to be able to interpret the spectroscopic results
of the different spectroscopic methods unambiguously. We have chosen the acid catalyzed dehydration of
3-octanol as an example reaction. The products of this chemical reaction are 2- and 3-octenes in their £ and
Z configurations (see Fig 1). Thus, this example reaction offers the possibility to address three questions:

1. Is it possible to monitor the reaction from octanol to octene ?
2. Is it possible to differentiate between the two resulting regioisomers of octene?
3. Is it possible to distinguish between the £ and Z configurations ?

We used Raman, IR and NMR spectroscopy to answer these three questions, because these are
spectroscopic techniques, which are commonly used in chemistry to study chemical reactions. Furthermore,
all three methods can be used without requiring special sample preparation steps, which is necessary for 2D
hetero correlation spectroscopy. In the following, we will present the results of 2D Raman, IR and NMR
homo and hetero correlation on the acid catalyzed dehydration of 3-octanol with the reaction time as the
perturbation variable.

2 Experimental

2.1 Dehydration of 3-octanol

All chemicals were purchased from commercial suppliers (Alfa Aesar, Fluka and Sigma Aldrich)
and used without further purification.

3-octanol (10 mL, 8.18 g, 62.8 mmol) was heated with phosphoric acid (85 %, 2.39 mL, 4.09 g, 41.7
mmol) to 150 °C for 145 minutes. After 10 minutes and every 15 minutes thereafter 1 mL of the reaction
solution was removed, neutralized with sodium carbonate and cooled to 5 °C to inhibit the acid catalyzed
water addition. Ten samples were generated by this way. The overall conversion after 145 minutes was 36
% as determined by 1H NMR spectroscopy.

2.2 Spectroscopic methods

FT-Raman spectra were recorded using a commercial MultiRam RFS27spectrometer equipped with
a RAM-II Raman module (Bruker, Germany). A Nd:YAG-Laser (KLASTECH Laser, DENICAFC LC-3/40,
Karpushko Laser Technologies GmbH, Germany) operated at 1064 nm was used as excitation source with
a power of 1000 mW. The resolution was 4 cm™'. FT-ATR-IR spectra were recorded on a Varian 670 -IR
spectrometer (Varian, now Agilent Technologies, USA) equipped with a ZnSe crystal (PIKE MIRacle,
USA). The resolution was 4 cm™'. A background spectrum consisting of 160 single scans was recorded
beforehand.

For the FT-Raman measurements 750 pL of the reaction solution was mixed with 50 uL of
deuterated chloroform and measured in a cuvette. For every sample 16 FT-Raman spectra consisting of 50
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single scans were collected. The same samples were used for FT ATR-IR measurements. For every sample
8 FT-IR spectra consisting of 20 single scans were recorded.

A 400 MHz Avance III NMR spectrometer (Bruker, Germany) was used to record the 'H- NMR
spectra. For the NMR measurements 30 pL reaction solution and 570 pL deuterated chloroform were mixed
and for every sample 8 'H- NMR spectra each consisting of 4 single scans were recorded. The different
measurement concentrations became necessary due to the high solvent signal in the vibrational spectra,
while the small content of DCCl; was not sufficient for the calibration of the NMR spectrometer, which
is based on the residual solvent signal from DCCIl;. While the samples are not strictly the same, hetero
correlation can still be applied because the reaction time (i.e. the external perturbation) is still the same for
every sample and the changes induced from the different concentrations should be much smaller than those
induced by the chemical reaction itself.

2.3 Data preprocessing

The data preprocessing was done using R (3.1.2) [15] and the software packages sfsmisc,
KernSmooth, Peaks, Hmisc, doSNOW, doParallel, rgl, fields and mmand. In addition the 'H- NMR spectra
were frequency calibrated using the RAFFT algorithm of SpecAlign (v2.4.1) [16].

First, the data were restricted to the regions of interest (180-1800 cm™'. for FT-Raman, 600-1800
cm™! for FT-IR and 0 5.5 ppm for 'H NMR). The data were background corrected using a SNIP algorithm
(iterations = 100 for Raman and NMR, iterations = 10 for IR). The strong background correction for the
IR data also removes the broad water bands, which would otherwise dominate the correlation spectra.
Furthermore, all spectra were area normalized to the CH deformation vibration bands at 1443 cm™' for
FT-Raman and 1462 cm™! for FT-IR as well as to the CH; and CH, signals between 0.75 and 2 ppm for
"H- NMR spectra. These signals remain almost constant in intensity throughout the dehydration reaction
because they mostly stem from alkyl chains that do not take part in the reaction. To increase the signal to
noise ratio all spectra were summed up for each reaction time after preprocessing. The spectra were 2D
correlated using a self-written R-script based on the Fourier-transform approach. The mean spectra were used
as references. The 2D correlation spectra were created by an arbitrary selection of the contour levels. The
contour levels around 0 were omitted because they only contain noise contributions, thus only the highest
peaks in the selected spectral regions are shown.

3 Results and Discussion

3.1 FT -Raman, 'H- NMR and FT- IR spectra

The FT-Raman spectra during the dehydration of 3-octanol are displayed in Fig 2a. The spectra
exhibit big and small changes throughout the course of the reaction. The biggest change is the formation of
two C=C stretching vibrations at 1658 and 1671cm ' (Z and E configurations, respectively) while the band
at 895 cm™! (C-C-O vibration) is decreasing in intensity [17]. It can be concluded that the dehydration of
3-octanol is taking place and that (£)- and (Z) octenes are formed.

The corresponding 'H- NMR spectra are shown in Fig 2c. An intensity decrease at 1.4 and 3.43
ppm coupled with an intensity increase at 1.9 and 5.32 ppm can be observed. These signals stem from the
methylene groups close to the HCOH fragment (1.4 ppm), the hydrogen atom bound to the chiral carbon
atom in 3-octanol (3.43 ppm), the methylene groups close to the newly formed double bond in 2 and 3
positions (1.9 ppm), the methyl group close to the newly formed double bond in 2 position (1.51 ppm) and
the hydrogen atoms directly located at the new C=C bond (5.32 ppm) [18,19]. The 'H- NMR signal of the
OH group is shifting between 2 and 3 ppm because 3-octanol and water form hydrogen bonds depending
on the concentration. Z and E configurations can usually be studied by the coupling constant 3] between
the two alkenyl hydrogen atoms [20], but in our case the signals overlap, thus it is impossible to extract
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a coupling constant. 2- and 3- octenes can be distinguished by the methyl and methylene groups close to
the double bond, because these groups are slightly shifted downfield due to their proximity to the alkene
functionality. From the emerging signals at 1.51 and 1.9 ppm it can be concluded that in addition to the
two configuration isomers both regioisomers of octene are forming.
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Fig 2. Spectroscopic data for the dehydration of 3-octanol at four selected reaction times (10, 55, 100 and
145 minutes): (a) FT-Raman spectra in the wavenumber region from 200-1750 cm™'. The Raman spectra area
normalized to the band at 1443 cm™, (b) FT- ATR- IR spectra in the wavenumber region from 700-1700 cm™.
(area normalized to the band at 1462 cm ™), (c) 'H- NMR spectra in the region of 0.5-5.5 ppm (area normalized
to the hydrogen signals between 0.75 and 2.0 ppm). For details see text.
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The FT-IR spectra from the reaction solution (see Fig 2b) show large contributions from water,
which is formed during the dehydration reaction. Thus, a background correction to remove the otherwise
dominating influence of water was necessary. A comparison between FT-IR spectra with weak and strong
background corrections can be found in Fig 3. The two C=C stretching vibrations cannot be seen in the
FT- IR spectra. The strongest changes in the FT-IR spectra are observed in the wavenumber region around
1000 cm ™!, which contains contributions from water. The decreasing band at 1005 cm ™' may stem from the
CO stretching vibration, while the band at 982 cm™! is due to a CH deformation vibration of (E) alkenes
[17]. The FT-IR spectra are difficult to interpret due to the contribution of water.
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Fig 3. Comparison between FT- ATR- IR spectra of the dehydration of 3-octanol after 10 minutes reaction time
with weak (a, iterations = 100) and strong (b, iterations = 10) background correction. The SNIP algorithm removes
the dominating contribution from water at around 1000 cm™' in case of the strong background correction.

3.2 Two-dimensional homo correlation spectra

A first step to obtain more information about the dehydration of 3-octanol are the 2D Raman, IR
and NMR homo correlation spectra where one dataset is correlated with itself. In Fig 4a the 2D Raman
homo correlation spectrum is shown. The negative crosspeaks in the synchronous spectrum at ®(1671,895)
and ®(1658,895) reveal that the bands at 1671 and 1658 cm™! are increasing with time while the band at
895 cm ! is decreasing in intensity. The examination of all crosspeaks shows that the bands at 895, 1040,
1127 and 1466 cm™' are decreasing in intensity with time while the Raman bands at 1223, 1263, 1295,
1379, 1434, 1658 and 1671 cm™' are increasing in intensity. The two C-H deformation vibration bands at
1434 and 1466 cm™! can now be assigned to octene and 3-octanol, respectively. The correlation pattern
proves that the dehydration of 3-octanol forms octene. The synchronous 2D IR and NMR homo correlation
spectra (see Figs 4c and 4d) show the same behavior as the 2D Raman homo correlation spectra and do not
contain any new information.

The asynchronous 2D Raman homo correlation spectrum on the other hand reveals with its two
crosspeaks at W(1658,1671) and W(1671,1658) (see Fig 4b) that the band at 1658 cm ™' is formed before
the band at 1671 cm™!. Because these two bands correspond to the Z and E configurations of octene it can
be concluded that (Z) octene is formed predominantly at the start of the reaction while (£) octene emerges
more towards the end. This observation is in line with what would be expected that the kinetic product (in
this case (Z) octene) is forming at the start of the reaction while the thermodynamic product (in this case
(E) octene) develops after longer periods of reaction time.

3.3 Two-dimensional hetero correlation spectra
The normal one-dimensional FT- Raman, FT- IR and 'H- NMR spectra and the corresponding 2D
homo correlation spectra could already prove that the dehydration of 3-octanol to octene is taking place,

that all four isomers of octene are formed and that (Z) octene emerges before (£) octene. In the following
we will have a look at the 2D hetero correlation spectra.
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Fig 4. 2D homo correlation spectra of the dehydration of 3-octanol with the reaction time as perturbation from
10 to 145 minutes in steps of 15 minutes. The mean spectra were used as reference spectra. Red color indicates
positive peaks, while blue color shows negative ones. (a) Synchronous 2D FT- Raman homo correlation spectrum
in the wavenumber region from 800-1800 cm™. (b) Asynchronous 2D FT- Raman homo correlation spectrum
in the wavenumber region from 1640-1690 cm™'. (c) Synchronous 2D FT- IR homo correlation spectrum in the
wavenumber region from 800-1800 cm™. (d) Synchronous 2D 1H NMR homo correlation spectrum in the ppm
region from 0.5-3 ppm. For details see text.

The synchronous 2D Raman-IR correlation spectrum is shown in Fig 5a. As expected from the
2D homo correlation the crosspeaks from the IR bands at 1000 cm™' dominate the spectrum. The negative
crosspeak at ®(1660,1005) and the positive crosspeak at ®(1660,982) indicate once again that the alcohol
is consumed and the alkene is formed. From the crosspeaks at ®(1660,1464) and ®(1660,1437) (Fig 5b) it
is possible to deduce that the C-H deformation vibrations in the IR spectra consist of two bands stemming
from 3-octanol (1464 cm™") and octene (1437 cm™). This is in line with the assignments made previously
from the synchronous 2D Raman homo correlation spectrum. Unfortunately the 2D Raman-IR correlation
spectrum does not reveal any new details on the isomerisation of octene.
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Fig 5. 2D hetero correlation spectra of the dehydration of 3- octanol with the reaction time as perturbation from
10 to 145 minutes in steps of 15 minutes. The mean spectra were used as reference spectra. Red color indicates
positive peaks, while blue color shows negative ones. (a) Synchronous 2D Raman IR correlation spectrum. (b) Inset
from (a) showing the correlation between v(C=C) and 6(CH). (c) Synchronous 2D Raman 1H NMR correlation
spectrum. (d) Inset from (c) showing the correlation between v(C=C) and H-C=C-H. (e) Synchronous 2D IR
1H NMR correlation spectrum. (f) Inset from (e) showing the correlation between §(C=C H) and H-C=C-H.

For details see text.
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The synchronous 2D Raman NMR and the synchronous 2D IR- NMR correlation spectra (see
Figs 5¢ and 5e) confirm the previously made signal assignment. Especially the positive crosspeaks at
D(1667,1.51), ¢(1667,1.54), ©(1667,1.88), ©(1667,1.93), (1667,5.25) and ®(1667,5.32) (Raman-NMR)
confirm that the corresponding NMR signals belong to octene. A close look at the crosspeak at ®(1667,5.32)
(see Fig 5d) shows that it is unfortunately not possible to disentangle the overlapping NMR signals by using
the information obtained from the FT- Raman spectra. The same holds true for the synchronous IR-NMR
correlation spectrum and the crosspeaks at ©(995,5.32) and ®(964,5.32) (see Fig 5f).

Taken together the 2D hetero correlation spectra can be used to validate the signal assignment
for the different spectroscopic methods, but they do not grant any new insights that couldn’t otherwise be
acquired through normal one-dimensional spectra or two-dimensional homo correlation spectroscopy.

Based on the spectroscopic signal assignment a simple calculation of the isomer ratio of octene
after 145 minutes reaction time can be performed. The ratio between the Z and E configurations can be
calculated from the two Raman bands at 1658 and 1671 cm™! with an integration of both bands assuming
that both vibrations have an equal Raman scattering cross section:

() octene ___Awn
N(7)—octene + N(E)—octene A1658 + A1671

ratio(E) — ) =

Based on the Raman spectra after 145 minutes roughly 59 % (E) octene and 41 % (Z) octene is
formed. By integrating the 'H-NMR signals at 1.51, 1.54 and 1.9 ppm, which belong to the methyl and
methylene groups close to the double bond the ratio between 2- and 3- octenes can be calculated as follows:

NCH,
ratio, 3 = 112 octene - 3 _ (Apsit Ajse)
3 = = =
N3 octene T M2-octene N3 _ cH, OcHy 0.75:'A 19 + 0.5(A1 51 T Arsa)
4 3

Thus, based on the "H- NMR spectrum, 60 % 2-octene and 40 % 3-octene arises. Combining both
ratios derived from the Raman and "H-NMR spectra the dehydration of 3- octanol with phosphoric acid at
150 °C yields: 35 % (E) 2-octene, 24 %(Z) 2- octene, 24 % (E) 3-octene and 17 % (Z) 3-octene after 145
minutes.

4 Conclusion

With the presented 2D correlation approach it is possible to analyze the threefold analytical problem
that the acidcatalyzed dehydration of 3octanol provides. We could identify the formation of all four octene
isomers with a product ratio of 2.14 : 1.47 : 1.47 : 1 for (E)2-octene : (Z)2-octene : (E)3-octene : (Z)3-
octene.

The use of 2D correlation spectroscopy proved to be useful in allowing fora deeper insight into the
analytical question compared withthenormal one dimensional approach would have provided. The 2D homo
Raman correlation spectrum showed that (Z)-octene is forming before (£)-octene. The 2D hetero correlation
spectra enabled us to validate the different signal assignments made within each method. In general it is pos-
sible to transfer information obtained from one spectroscopic method to another one, although the 2D hetero
correlation could not answer unsolved problems like disentangling the strongly overlapping NMR signals.
In general the information gained from 2D hetero correlation spectroscopy is limited when not applied to a
specific analytical problem.
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Generally, isotopic effects are of minor importance in standard vibrational spectroscopy, this is in particular the case,
if the signal originates form a macroscopic sample. Consequently, an average spectrum with respect to the natural
isotopic redundancy is obtained. However, for State-of-the-Art high-resolution techniques, e.g. surface-enhanced Raman
spectroscopy, where only a small number of molecules (or even merely a single molecule) are the focus of the exciting
beam, isotopic effects can have a considerable influence on the spectral pattern. Here we present a computational study
investigating such isotopic effects on the Raman spectrum for the *C isotope in the thiophenol molecule. Therefore,
the Raman spectra of all four possible singly *C doped species are calculated at the density functional theory level of
theory and compared to the undoped thiophenol reference spectrum. The impact of '*C substitution on the vibrational
frequencies as well as on the Raman intensities is rationalized. In particular large effects are determined for the in-
plane vibrational modes, while each of the five calculated species (one undoped and 4 singly doped) features a unique
Raman intensity pattern. © Anita Publications. All rights reserved.

Keywords: Isotopic effects, Laser pulses, Thiophenol, Surface-enhanced Raman spectroscopy (SERS)

1 Introduction

In optical spectroscopy isotope effects are well known and often used in a directed way to obtain
specific information about chemical bonds, structural conformations and chemical reactivity in general. Apart
from those specific applications the isotopic ratios can be considered as constant, at least when working
with natural abundant material. This is particularly true for organic substances as the natural abundance of
the main constituents namely hydrogen and carbon. While it is clear, that mass isotopes result in a shift of
spectroscopic bands, in optical spectroscopy this effect can be disregarded because the ratio of the isotopes
is constant. As the specific site of the isotopic label in a natural compound or a compound synthesized with
a natural isotope abundance must vary statistically, disregarding those effects can be only justified as long
as the number of investigated molecules is large compared to the labeling sites. This condition is generally
easily fulfilled in a spectroscopic experiment. Even in a microscope focus one finds roughly 10'” molecules
and proper averaging can be safely assumed. Recent developments in technology, however, allow for a much
higher spatial resolution even down to single molecule sensitivity. Prominent examples are single molecule
surface enhanced Raman spectroscopy [1-4] (SERS) where specific hot spots are considered to play an
important role or tip-enhanced Raman spectroscopy [5-7] where also hot spots are involved, however, in
a very directed way. In such cases a statistical averaging cannot be expected anymore. Consequently, the
spectra will show intrinsic features due to a specific isotopic labeling. In contrast to the above mentioned
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“controlled” experiments the labeling is statistically distributed over all atoms of the molecule and uniform
spectra cannot be expected. While this effect is a direct consequence of the natural abundance of isotopes
it is an unfamiliar concept in spectroscopy to have different band positions and intensities for the “same”
chemical structure even without considering specific molecular orientations. We will discuss specifically the
effect of 1°C labeling on a thiophenol. As a relatively simple molecule the number of distinct positions are
limited, further it was already extensively studied by SERS and more importantly this molecule forms self-
assembled monolayers,[8-12] see Fig 1, that provide a basis for dedicated experiments to also experimentally
investigate such effects in addition to the theoretical investigation presented here.

Ll le e Lol el
| o -4 o . = Ak M Bz

(e &5 ) L

Fig 1. SERS setup with thiophenol anchored on Gold surface, molecules excited by laser beam in
black with the '*C doped Carbon atom in blue.

From a computational point of view several studies investigated isotopic effects in chemical reactions,
i.e. thermodynamic and kinetic properties with respect to transition states [1,13-15] as well as the kinetic
isotopic effect in competitive Sy, (bimolecular nucleophilic substitution) and E, (bimolecular elimination)
reaction pathways [16-19]. Further combined experimental-theoretical studies focused on isotopic effects
in vibrational spectroscopy, while density functional theory (DFT) proved to yield good agreements with
respect to experimentally observed frequency shifts [20-24]. However, much less is known concerning the
influence of isotopic effects on intensities in vibrational spectroscopy, in particular with respect to Raman
spectroscopy [25].

Here we present a combined experimental-theoretical investigation on the influence of '*C on
the Raman spectrum of thiophenol. Therefore, DFT calculations are applied to determine effects on the
vibrational frequencies as well as on the Raman intensities.

2 Computational Details

All quantum chemical calculations were performed using the program package Gaussian 09 [26].
The fully optimized equilibrium structure of thiophenol was obtained at the DFT level of theory by means
of the B3LYP [27,28] XC functional and the 6-31G(d) double-( basis set [29] in gas phase. A subsequently
performed vibrational analysis yielded the vibrational normal modes, frequencies and Raman activities.
Gaussian 09 uses by default the mass of the most abundant isotopes that is 'H with 1.00783 amu for Hydrogen,
12C with 12.00000 amu for Carbon and *2S with 31.97207 amu for Sulphur [30,31]. In order to investigate
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the impact of isotopic effects on the Raman pattern, further vibrational calculations were performed by
substituting a single'>C atom with!*C. This was done for the Carbon atoms C1-C4 as depicted in Fig 2.

SH

1301
C2l 1302

C3' 13C3
19C4

Fig 2. Molecular structure of thiophenol with labeled single *C substitution sites that is '*C1 at the
thiol group, in ortho'3C2, meta'>C3 and in para position'>C4.

Based on the natural abundances of the Carbon isotopes of approximately 98.93% '2C and 1.07%
13C [32], the proportions of the singly doped thiophenol species are 0.18% C1, 0.36% C2, 0.36% C3 and
0.18% C4. The vibrational frequencies of the undoped thiophenol (*2C only) and of the four single doped
forms were scaled by a factor of 0.97 in order to correct for the lack of anharmonicity and the approximate
treatment of electron correlation; the vibrational modes were broadened by Lorentzian functions with a
full-width at half maximum of 20 cm™ to generate a typical Raman band structure.

3 Results and Discussion

The ground state structure of thiophenol optimized at the B3LYP/6-31G(d) level of theory is of C,
symmetry, thus, the SH fragment is oriented perpendicular to the aromatic plane of the phenyl fragment.
Carbon-Carbon bond lengths of 1.3996 for C1-C2 and 1.3960 A for C2-C3 and C3-C4 are obtained, while
for the Carbon-Sulphur bond a value of 1.8068 A is found (see Fig 2). For the Carbon-Hydrogen bond
lengths values of 1.0857, 1.0868 and 1.0687 A are obtained in ortho-, meta- and para-position, respectively,
while the Sulphur-Hydrogen bond features an equilibrium length of 1.3530 A. The phenyl moiety is almost
perfectly planar as rationalized by means of the dihedral angle spanned by the Carbon atoms C2-C3-C3'-
C2' of 0.01°. However, the Sulphur atom is slightly displaced with respect to the aromatic plane, which is
evident from the C4-C1-S angle of 178.20°.

The focus of the vibrational analysis is set on the vibrational normal modes that feature the most
pronounced impact on the Raman intensity pattern with respect to single '3C substitution, thus, the further
discussion is confined to the frequency range between 500 and 1700 cm ' represented by the vibrational
modes 7 to 27. The thiophenol Raman spectrum obtained for the natural isotope redundancy of Carbon that
is 98.93% '°C and 1.07% '*C, depicted in Fig (3a). Therefore, such spectrum is correlated to a macroscopic
average of Raman signals originating from the collective amount of undoped and doped thiophenol species
(in different orientations). Thus, it is obtained by summation over the Raman signals of the five species
(see Fig 3b) weighted by the respective probability.
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Fig 3. Simulated Raman spectrum obtained for, (a), the natural Carbon isotope abundance (98.93% '2C and 1.07%
13C) and, (b), the undoped thiophenol (in black) and the single doped '3C spectra '*C1 (red), '*C2 (orange), *C3
(green) and '3C4 (blue).

These species are the undoped form with exclusively 'C, and the four singly doped forms '*C1-
13C4, while *C2 and '*C3 feature the double weight (0.36%) with respect to >C1 and '3C4 (0.18%) due
to the C, symmetry of thiophenol.

The Raman spectrum of the undoped thiophenol ('*C(all) in Fig (3b)) features weak bands and
shoulders at approximately 723, 834, 1314 and 1446 cm ™!, medium intense Raman features at 612, 688, 1078
and 1167 cm™' and intense bands at 890, 924, 988, 1016 and 1592 cm™'. The respective spectra obtained for
the single doped form, see *C1, '3C2, '3C3 and '*C4 in Fig (3b), feature partially considerable deviations
from the undoped Raman spectrum. Predominate alterations are found in the spectral range between 800
and 1100 cm™ as well as for the band structure at approximately 1600 cm™'. The spectrum of '*C1 shows
merely slight changes in the position of the intense bands (889, 919, 991, 1013 and 1589 cm‘l), however,
the band at 1013 cm ™! holds an increased intensity. Similar alterations are observed for '*C2 with intense
bands at 889, 923, 974, 1017 and 1584 cm™'. Opposed to single '3C doping in C1, the Raman band at 1017
cm! features a decreased intensity with respect to the reference spectrum of the undoped thiophenol. The
intensity pattern of '*C3 (see Fig (3b)) resembles the pattern of '*C1. Here the intense bands are located at
890, 924, 990, 1005 and 1584 cm™!, while the intensity of the band at 1005 cm™ is once more increased
with respect to the >C reference spectrum.

Summation over the five spectra in Fig (3b) namely the undoped 2C spectrum, '2C(all), and the
singly doped spectra 1*C1, 13C2, *C3 and '*C4 weighted by the factors of 0.9893, 0.0018, 0.0036, 0.0036
and 0.0018, respectively, yields the natural abundance spectrum displayed in Fig (3a). This averaged Raman
spectrum is almost identical to the '*C(all) spectrum of Fig (3b), with the five intense bands being found
at 890, 924, 988, 1016 and 1592 cm™!. This way it is evident that isotopic effects originating by '*C have
no influence on the Raman spectrum on a macroscopic scale.

However, for State-of-the-Art spectroscopic techniques that are able to go below the diffraction limit
postulated by Ernst Abbe, isotopic effects (e.g. by means of '3C) are of increased significance. This is clearly
the case for techniques, where only few or even only a single molecule is in the focus of the laser beam,
see Fig 1. In such cases the obtained (Raman) spectrum is no longer an average of a manifold of molecular
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orientations and isotopic redundancy. For thiophenol with six Carbon atoms, each Carbon atom is with a
probability of 1.07% the '*C isotope; in consequence, the probability to have one '*C atom in thiophenol is
6.42%. Therefore, roughly every 16th thiophene molecule exhibits a '*C atom. In order to investigate the
impact of single '*C doping in more detail, the single vibrational modes 7-27 within the spectral range of
500 and 1700 cm ! are studied in more details. The individual Raman spectra of the undoped and the single
doped species are depicted in Fig 4(a-¢). The vibrational modes of all species are assigned with respect to
the modes of the undoped thiophenol (*2C(all)), however, the order of the vibrational modes may change
upon *C doping.

The vibrational (Raman active) modes underlying the Raman features of '*C(all) in Fig (3b) at
612, 688, 723, 834, 890, 924, 988, 1016, 1078, 1167, 1314, 1446 and 1592 cm™! are assigned in Fig (4a).
The medium bright bands at 612 and 688 cm™' as well as the shoulder at 723 cm ™! are correlated to the
vibrational modes 7, 9 and 10 at 611.7, 688.4 and 726.7 cm™', furthermore the low intensity mode 8 is
found at 682.9 cm™!. The band structure between 800 and 1200 cm™! holds contributions from the modes
11-21, while the shoulders at 834 and 1078 cm™! originate from the modes 11 (1071.4 cm™") and 19 (1081.0
Cm‘l), in addition the dark mode 18 is found at 1071.4 cm™'. The vibrational modes 12, 13, 16 and 17 at
888.0, 926.5, 986.5 and 1019.9 cm™! contribute to the bands at 890, 924, 988 and 1016, while two further
dark modes (14 and 15) are localized at 944.7 and 971.8 cm™, respectively. The modes 20 and 21 (1157.6
and 1174.8 cm™) contribute to the band at 1167 cm ™.

The frequency range between 1200 and 1500 cm™! shows almost no signal, merely two weak modes
at 1314.5 (23) and 1441.9 cm™' (24) and two dark modes at 1289.1 (22) and 1482.1 cm™' (25). The Raman
band at 1592 cm™! originates from a superposition of two bright modes (26 and 27) at 1587.8 and 1594.9
em!. Detailed information regarding the displacement vectors or rather the character of the modes 7-27,
frequencies and Raman activities are collected for all five, one undoped and four doped, species in Table
1. Besides, the vibrational frequencies and Raman activities, Table | comprises the frequency shifts (Ao V
in cm™") and relative Raman activity deviations of the singly '*C doped species with respect to the undoped
12C reference data. Closer inspection of the spectra shown in Fig (4a-¢) and the data in Table 1 reveals
that the vibrational frequencies and intensities are partially significantly depending on the '3C substitution
pattern.

Evidently only bathochromic shifts of the vibrational frequencies of the doped species are expected
with respect to the undoped reference. This follows directly from the increased reduced mass ; and the
definition of vibrational energy levels ®,; within the harmonic approximation:

wnl=hg (n+1/2) (M

and the respective transition energy for a fundamental transition from the vibrational ground state (of the
electronic ground state) to the first vibrationally excited state:

—— )
where k; is the force constant and ; the reduced mass for the /th vibrational mode. In accordance, all
frequency shifts (A,; V) in Table | are negative. The most pronounced frequency shifts (see maximum
deviations in Table 1) are found for the vibrational modes 16 for 1*C2, 22 for '*C1 and 26 for 1*C3 and '*C4.
This phenomenon will be explained exemplarily for the ring breathing mode (16), where only very small
shifts of —1.2 and 1.1 cm™! are observed for '*C1 and *C3 and large shifts of —11.7 and —23.8 cm™! for *C2
and '3C4. Taking a closer look into the displacement vector of mode 16 one clearly sees that the Carbon
atoms C1 and C3 feature very small displacements, while the atoms C2 and C4 show large displacements.
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Thus, an increased reduced mass ('3C vs. '?C) has only marginal impact in the positions C1 and C3 on the
vibrational frequency and significant influence in C2 and C4. Accordingly, the magnitude of the isotopic
effect on all other vibrational modes can be estimated for each '*C position. In general, mainly in-plane
vibrational modes, i.c., the modes 16-19 and 22-27 feature substantial shifts, However, the (in-plane) modes
20 and 21 exhibit for all 1*C positions only marginal shifts from 0.0 up to merely 4.8 cm ', this reasoned
by means of the small displacements of the Carbon atoms in these modes.
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Fig 4. Assignment of the vibrational normal modes for the species, (a), '*C(all), (b), '*C1, (c), *C2 , (d),
13C3 and, (e), *C4. The numbers of the vibrational modes of '2C(all) were used to label the modes of each
respective species.

Comparison of the general impact of '*C substitution in C1-C4 is rationalized based on the mean
deviations (see Table 1). The smallest mean deviations are found in the positions C2 and C3 of 3.6 cm !,
a slightly higher value of —4.0 cm™! is observed in C1, while the highest value was found in C4 with —6.0
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cm ', Notably, the induced vibrational shifts lead to alterations in the order of modes, this is in particular the
case for the anti-symmetric and the symmetric scissoring modes 18 and 19, which are inversed for *C1. Also
the modes 26 and 27 feature a pronounced mixing for 1*C substitution in ortho- and para- positions.

Table 1. Normal modes (undoped thiophenol) frequencies (v in cm™) and Raman activities (/ in A* amu™) for the

undoped and the four singly '*C doped species as well as frequency shifts (A,e¢ v in cm™) and relative Raman activity

deviations with respect to the undoped thiophene. Mean deviations and maximum deviations are given for frequency

shifts and relative Raman activity deviations

Mode
e
g
8 | /_./:h

™ e

10 |

12 l,/_/__r -

14 —’.f'_{
I
i_ 4
15 r_l"}—/[__l
=5
16 —&;
|
18 Y

viem™ I/ A* amu™
(Arer Viem™) (g =1)
2c@y  “ci B2 B3c3 34 2C(all) B¢y B2 3¢c3 34
611.7 6107 6069 605.6 609.8 474 475 473 4.61 470
(0.0) (-1.0)  (-4.8) (-6.1) (-1.9) (0.00) 0.00)  (0.00) (=0.03) (=0.01)
6829 6796  680.3 678.9 676.9 0.96 0.93 1.09 1.01 1.70
(0.0) (-33)  (-26) (-4.1) (-6.0) 0.00)  (-0.03)  (0.13)  (0.04)  (0.76)
6884 6838  685.0 684.7 680.6 5.66 5.22 5.79 5.83 431
(0.0) (4.6) (=34 (-3.6) (-7.8) (0.00)  (-0.08)  (0.02) (0.03) (-0.24)
7267 7249 7255 726.6 723.4 2.50 221 237 2.50 232
(0.0 ~1.8) (-1.2) (-0.1) (-3.3) 0.00)  (-0.11)  (=0.05) (0.00) (-0.07)
8332 8332 8315 831.5 833.2 5.55 5.55 5.64 5.66 5.55
(0.0) (0.0) 1.7) ~1.7) (0.0) (0.00) (0.00)  (0.02) (0.02)  (0.00)
888.0 8873  886.8 887.9 883.1 23.96 2610 2252 2405  21.55
(0.0) ~0.7) (=12 (-0.1) (-4.9) (0.00) (0.09)  (-0.06) (0.00) (-0.10)
9265 9225 9249 926.4 924.5 18.14 16.82 19.66  18.07  20.99
(0.0) (4.0)  (-1.6) (-0.1) (2.0 (0.00)  (-0.07)  (0.08) (0.00)  (0.16)
9447 9447 9425 942.1 944.7 0.02 0.02 0.11 0.02 0.02
(0.0) (0.0) (-2.3) 2.7 (0.0) (0.00) (0.00)  (5.56) (0.05)  (0.00)
971.8  971.8 9713 969.9 967.1 0.10 0.09 0.12 0.11 0.06
(0.0) (0.0) (-0.4) (-1.9) (4.7 0.00)  (-0.12)  (0.17)  (0.04)  (-0.40)
986.5 9852  974.8 985.3 962.7 19.45 1609  19.12 1583  25.57
(0.0) -12)  (11.7) 1.1) (-23.8)  (0.00)  (=0.17) (=0.02) (-0.19) (0.31)
1019.9  1015.6  1018.8 1009.9 1015.1 16.59 2250 1637 1996  7.70
(0.0 (—42)  (-1.0) (-10.0) (—4.8) (0.00) (0.36)  (-0.01) (0.20) (-0.54)
10714 1070.0  1067.2 1069.1 1065.6 0.59 0.60 0.55 0.59 0.65
(0.0) (-13) (42 (-2.3) (-5.8) (0.00) 0.03)  (-0.07) (0.01)  (0.12)
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2 = =1
~ (0.0)  (-19.5) (3.4) (-5.5) (64)  (0.00)  (0.44)  (9.44) (443) (1.31)
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23 I__/—‘/_/
7~ (0.0 0.0)  (-8.0) (17 (11.8)  (0.00)  (0.00)  (0.14) (-0.06) (-0.71)
P , ) ) . 433.1 52 . 54 4 1.4
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o 14821 14773 14748 14765 14771 0.37 0.36 028  0.63 0.32
25 _-f_/_/
e S 0.0) (48 (7.2 (-5.6) (49)  (0.00)  (0.02) (-023) (0.73) (0.11)
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2% K9
L (0.0)  (-89)  (93)  (-10.1)  (=32.0)  (0.00)  (0.01) (0.51) (0.59)  (0.03)
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27— )
e (0.0) (27 (63 (-8.0) (-6.1)  (0.00)  (0.00) (-022) (-0.26) (-0.07)
Mean Deviation 0.0 4.0 3.6 3.6 6.7 0.00 002 073 026 0.11
Maximum 0.0 195 117 ~10.1 2320 0.00 0.44 944 443 1.82
Deviation

Besides the influence of isotopic effects on the vibrational frequencies also considerable alterations
with respect to the intensity pattern were calculated. In general the Raman intensity for a fundamental
transition (Stokes) is given by:

_ 4t
167 eg et

where wy is the frequency of the incident light and w, the frequency of the
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initial state |i/) and the final state |f') via the intermediate state |n) as:
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with the compounds of the dipole operators /i, and zigz and the damping factor /" describing homogeneous
broadening. The damping factor can be neglected in off-resonant cases since it is small relative to @y, ;. As
can be seen from Eq (3), the intensity is proportional to (w; — e;)*, thus, an isotopically caused bathochromic
shift of the frequency w; leads to an increase of its intensity. This is also evident by means of the mean
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deviations of the intensity, where only for '*C1 a slight decrease (—2%) was observed. For *C2, 3C3, and
13C4, the intensity increases by 73%, 26% and 11%, respectively. Maximum intensity deviations of 44%
(3C1 mode 22), 944% ('3C2 mode 22), 443% ('*C3 mode 22) and 182% ('3C4 mode 24) are computed,
while (allowedly) the highest impact on the intensity was observed for very weakly Raman active modes
such as the modes 8, 14, 22, 23, 24 and 25. For the very bright modes 12, 13, 16 and 17, moderate variation
ranging from —54% to +36% are found. However, for certain modes the intensity also decreases (e.g. mode
17 with —54%). This is in particular the case for normal modes that show alterations upon substitution with
13C. Examples for such modes are the previously mentioned modes 26 and 27 showing a pronounced mixing
in 3C2 and '3C3, Table 2 displays these modes for all five species. Thus, a direct comparison of the modes
and their respective intensities is no longer possible.

Table 2. Vibrational normal modes for '2C(all), 3C(1), *C(2), "*(3) and '*C(4)

Mode 2C(all) Bca) 3c(2) Bc@3) Bc@4)
Y 1= s ff/ / L\KMT/ T/__/

s (Ko (S T K KT )
N . e (_/ ) ap I
s g s ey I =

N O S Oola Wl O N O,

Taking into account mean deviations and maximum deviations for all four '*C species with respect
to frequency and intensity it is notable that substitution in ortho- and meta-position induces the smallest
frequency shifts (mean deviation: 3.6 cm™!, maximum deviation: —11.7 and —10.1 cm™') but the most
prominent intensity changes (mean deviation: +73% and +26%, maximum deviation: 944% and 443%). This
result is in particular interesting since these positions show the double probability for 1*C substitution than
C1 and C4 based on the C, symmetry of thiophenol. Therefore, an experimentally observed isotopic effect
in highly spatial resolved Raman techniques is more likely to be verifiable by means of the alterations in
the intensity pattern than by the frequencies, while certainly alterations in the intensity pattern are highly
correlated to variations in the band positions due to line broadening.

4 Conclusions

In high-resolution vibrational spectroscopic techniques only a small number of molecules is in the
focus of the Laser, e.g. in SERS. Thus, isotopic effects might be of enhanced importance for such techniques
compared to low-resolution techniques, where a macroscopic average Raman signal is measured. In order
to evaluate the magnitude of isotopic effects originating from '*C (natural isotope redundancy: 98.93% '2C
and 1.07% '*C) on both the vibrational frequencies as well as on the Raman intensities, quantum chemical
calculations have been performed for the thiophenol molecule. DFT calculations using the B3LYP XC
functional and the 6-31G(d) basis set yielded the fully optimized equilibrium structure of thiophenol (C,
symmetry). Subsequently, a vibrational analysis using the most abundant isotopes that is 'H, >C and *2S
has been performed. Frequency calculations for the singly '*C doped species in the positions C1, C2, C3
and C4 yielded the respective Raman spectra. Summation over weighted Raman spectra for the '>C and
the four singly '3C doped species, yielded the natural redundancy Raman signal, which was found to be
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almost identical to the '>C reference spectrum. Hence, unsurprisingly, isotopic effects originating form '3C
are of marginal importance on a macroscopic scale. However, a considerable effect can be estimated with
respect to high-resolution techniques. Since *C doping leads to an increased reduced mass, exclusively
bathochromic shifts of the vibrational frequencies are estimated, which is confirmed by the calculations. The
largest mean deviation of —6.7 cm™! has been determined for the '*C4 species, while substitution in C1, C2
and C3 leads to similar shifts of —4.0 and —3.6 cm™. The individual frequency shift of each vibrational mode
was found to be strictly correlated to the displacement of the 1*C atom. Besides variations in the frequencies
upon 3C substitution, also effects with respect to the Raman intensity have been investigated. Since the
Stokes intensity is proportional to (@ — w,)*, a general increase of the intensity is estimated based on the
observed bathochromic shifts. This was confirmed by the mean intensity deviations with respect to the '2C
reference system, where besides for '*C1 only positive amplifications of 73% (*C2), 26% ('*C3) and 11%
(*C4) are computed. However, also intensity decrease was found for several normal modes, this is partially
accounted for by mixing of normal modes upon '3C substitution, which hinders a direct comparison of the
specific normal modes.

The estimated influence of isotopic effects on the Raman spectrum of thiophenol can be expected
to be of significant importance for single molecule detection, but also for small ensembles where due to
the small numbers averaging effects cannot be expected. In both cases the isotopes will induce variations
with respect to intensity and frequency.
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As-prepared and heat treated heavy metal binary system of bismuth oxide with classical glass forming oxides were
investigated with respect to their ability to form vitreous structure in the composition range of sillenite. For this high
ratio of bismuth to classical glass former cation Bi/M =12 (M = Si, Ge or B), the X-ray diffraction analysis of as-
prepared samples points out 8-Bi,Oz nanocrystalline phase separation, while FTIR and Raman spectroscopic analysis
provide typical features for the vitreous state, with no feature of crystalline phase. After heat treatment Bi;;MO,_5
sillenite crystalline phases are identified in all samples, and the structural changes induced by sillenites development
are clearly revealed in FTIR and Raman spectra. A new attempt for structural units assignment based on analysis of
vibrational spectra recorded from heavy metal bismuthate glass-ceramic systems with classical glass forming oxides is
presented. © Anita Publications. All rights reserved.

Keywords: Bismuth oxide, FTIR and Raman spectra, Glass-ceramics, Sillenites.

1 Introduction

Heavy-metal oxide glasses commonly defined as glasses containing over 50 percent cations of
bismuth and/or lead, which participate in the glass structure as network formers [ 1], are intensely investigated
both as glasses and glass—ceramics because they address a wide array of modem technological challenges
in fields such as electronics, optoelectronics, solar energy, protective and decorative coatings, structural
mechanics, medical, nuclear technology, superconductors and microfluidics [2].

Even though Bi,0; is not a classical glass former, in the presence of conventional glass formers
like Si0,, GeO,, P,O5 and B,0O3, or just of usual glass modifiers, it may form a glass network [1]. The glass
systems investigated for special applications are usualy formed from several components, but the binary
systems of bismuthate heavy metal glasses deserve attention with respect to the structural changes induced
by the second oxide added to the major content of Bi,Os. The results published on binary systems with
the common glass formers (B,0O3, SiO,, P,O5, GeO,) showed that the highest Bi,O5 content for which the
systems are still vitrified is lower in the case of GeO,, and especially of P,Os, and therefore the Bi,O3-P,Os5
system has attracted less attention [2].

Based on density, glass transition temperature and short wavelength optical cutoff measurements,
significant structural changes were reported for binary bismuth silicate and bismuth borate systems depending
on their compositions [3, 4]. Our earlier spectroscopic studies on bismuthate glasses with B,O5, SiO, and
GeO, doped with transition metal or rare earth oxides [5-14] including heavy metal glass compositions
contributed to highlighting the structural changes occurring in these systems.

Bi,O3 is a polymorphic compound presenting five major structural modifications, one stable:
monoclinic a-, three metastable: tetragonal -, body-centered cubic y- and orthorhombic ¢-, and one high-
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temperature: face-centered cubic 6-Bi,O5 [15]. v-Bi,05 phase doped with other oxides delivers new crystalline
structures of Bi,S10, sillenite type, but if the charge of dopant is less than 4+, the structure could differ
from that of the ideal composition for tetravalent cations.

The aim of this study was to investigate by X-ray diffraction, infrared and Raman spectroscopies
the structural characteristics of binary heavy metal bismuthate glass-ceramics with the glass formers SiO,,
GeO, and B,03, having the same 12:1 ratio between bismuth and silicon, germanium or boron atoms.

2 Experimental

Bismuthate glass-ceramics of compositions 6Bi,05" SiO,, 6Bi,05 GeO, and 12Bi,05-B,0; were
obtained by melting of Bi,O3, SiO,, GeO, and H;BOj; of reagent purity grade and further denoted as Bi-
Si, Bi-Ge and Bi-B, respectively. The mixed components were melted in sintered corundum crucibles, in a
Carbolite furnace, at 1250°C for 15 minutes. The melts were quickly poured and cooled at room temperature
by pressing between two stainless steel plates. In order to develop high content of crystalline phases in the
glass matrices, the as-prepared samples were heat treated at 600°C for 24 hours.

X-ray diffraction analysis was carried out on a Shimadzu XRD-6000 diffractometer using Ni-filtered
CuKa radiation (A = 1.5418A) at a scanning speed of 2°/min. FTIR spectra were recorded with a spectral
resolution of 2 cm !, in absorption mode, with a FT/IR-6200 Jasco Spectrometer by using the KBr pellet
technique. Raman measurements were performed with a Witec Alpha 300R confocal Raman microscope
equipped with a Raman spectroscopy system UHTS 300, using the 532 nm line of a Nd-YAG laser.

3 Results and Discussion

The transparent and apparently homogeneous 6Bi,05-Si0,, 6Bi,03°GeO, and 12Bi,03°B,05
melt-derived samples were expected to be vitreous, but their X-ray diffractograms evidence the presence
of crystalline peaks (Fig 1). Nevertheless, the rescaled patterns (Fig 2) evidence the presence of amorphous
component, but according to X-ray diffraction this occurs in a quite low amount.
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Fig 1. X-ray diffraction patterns of as-prepared samples

The crystalline phase developed in all as-prepared samples is 6-Bi,O3(JCPDS 27-0052). Additional
lines, indicated by arrows (Fig 1) for Bi-Ge sample, confirm that the vitrification of Bi,O5; with GeO, is
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lower than with SiO, and B,O5. The separation of Bi,Oj5 crystalline phase leads to a second non-crystalline
phase rich in the classical glass forming oxide.
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Fig 2. Resealed X-ray diffraction patterns of as-prepared samples
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According to infrared and Raman results, the crystalline component observed by X-ray analysis is
not reflected in the vibrational spectra, which are typical for structurally disordered systems (Figs 3 and 4).
. This could suggest that the local order around Bi*" ions in 8-Bi,05 crystalline phase is quite similar with
that from non-crystalline phase. The ill-defined coordination polyhedra of Bi** cations is a common feature
of the crystalline compounds with very high content of bismuth [2].
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Fig 3. FTIR spectra of as-prepared samples

Broad infrared bands occur around 475, 585, 725 and 860 cm™' (Fig 3). They are usually the bands
observed in non-crystalline bismuth containing materials [6, 7, 16]. The relative intensity of the bands depends
on the second oxide added to Bi,05. All these absorption bands are assigned due to vibrations of Bi-O related
to [BiOg¢] octahedral-like structural units [16]; in fact they would be better nominated as [BiOsE] structural
polyhedra, where the coordinative role of one oxygen is taken by the lone pair of electrons (E) of Bi** [2].
Bismuth ions are generally considered to form [BiO;] pyramidal or [BiOg] octahedral units in glasses [17].
The presence of [BiOj3] structural units, if they would exist, should be signalised by an absorption band at
830 cm ' [18], but this is not evidenced, so that only highly coordinated (N > 6) bismuth polyhedra build
up the bismuthate structure of these samples.
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Fig 4. Raman spectra of as-prepared samples
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The broad Raman peaks (Fig 4) denotes again the structural disorder in the as-prepared samples and
they are typical for all non-crystalline bismuth containing materials [8, 19]. The peaks centred around 120,
385 and 610 cm™! indicate the presence of the Bi*" cations in [BiOg4] octahedral units, while the shoulder
around 385 cm™! can be attributed to the Bi-O-Bi vibration of the octahedral [BiOg4] or [BiOsE] [19].

Pyramidal units have four fundamental vibrations, which are all Raman active, while octahedral
units have six modes of vibrations, three of them being Raman active [20]. The Raman vibrations observed
in the as-prepared samples do not correspond to that expected for pyramidal units.

The crystalline phase developed after heat treament in all samples (Fig 5) is Bi;;MO,_5 (M = Si, Ge
or B) Sillenite, namely BilZSiOZO (JCPDS 37-0485), BiuGCOZO (JCPDS 34-0096), and Bi12B019.5/ Bi24B2039
[21].
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Fig 5. Xray diffraction patterns of heat treated samples

In fact, the composition of these phases fits the samples composition wherein Bi : M ratio is 12:1.
The effect of structural rearrangement in an appreciable fraction of crystalline phase is clearly evidenced by
the changes observed in infrared and Raman spectra of glass-ceramic samples after heat treatment (Figs 6 and
7).

The width of infrared and Raman bands denotes that the structural disorder is still present in sillenite
phases developed after the applied heat treatment. Instead of the broad IR absorption bands observed around
475 and 585 cm™! for as prepared samples, in sillenite samples these are each splitted into two bands, at 465
and 530 cm™, and at 575 and 605 cm™!, respectively. A new band appearing around 680 cm™! is evidenced
in germanium containing sample. The broad absorption band around 725 cm™ is further observed for Bi-Si
sillenite, but does not appear in Bi-Ge sillenite spectrum, and is replaced by two narrow bands in case of
Bi-B sillenite sample. The new band at 830 cm™!, usually assigned to [BiOs] units [ 18], should be reassigned
to [BiOsE] units, the only ones identified in sillenite crystals [2]. The band observed around 860 cm™' from
as-prepared samples is shifted to 870 cm™! after heat treatment, and the intensity of Bi-Si has diminished,
and is drastically attenuated in Bi-Ge and Bi-B samples.

The structural changes occurred after heat treatment are equally revealed by Raman spectroscopy.
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Fig 6. FTIR spectra of heat treated samples
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Fig 7. Raman spectra of heat treated samples

Both the broad Raman band at 120 cm™ and the shoulder at 385 cm™! observed from as-prepared
samples are replaced each by two bands, at 90 and 130 cm™!, and at 280 and 330 cm ™', respectively. Additional
Raman bands are recorded at 210, 460 and 542 cm'. The band at 542 cm™' was already perceptable in
Bi-Ge sample before heat treatment, and denotes an incipient sillenite phase in the as-prepared sample in
accordance with X-ray diffraction pattern (Fig 1). Instead of the very large shoulder at 610 cm™ (Fig 4) a
weak band occurs at 630 cm™' (Fig 7). Like in FTIR spectra, where the occurrence of the new band at 830
cm™! after heat treatment proves the presence of [BiOsE] structural units, in Raman spectra the new band
around 542 cm™! is likely related to these units.
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Recent thoretical results [22] obtained by DFT calculations show that the main lines from infrared
and Raman spectra of sillenites are assigned to modes associated with the movement of three oxygen species:
0O, — oxygens bonded to two nearest neighbor bismuth atoms, O, — oxygens bonded to three bismuths, and

05 — oxygens that are forming [MO,] tetrahedra around Si**, Ge** or B*>* cations. In this approach, focused
on oxygens movement, the main lines in the vibrational spectra of sillenites are related with Bi-O; or Bi-O,
bonds.

4 Conclusions

Melt-derived heavy metal binary systems of bismuth oxide and B,O3, SiO, and GeO, classical glass
formers with Bi:M ratio 12:1 (M = B, Si or Ge) appear transparent and homogeneous, but they contain 6-Bi;,Os
nanocrystalline phase rich in cations of classical glass formers. As-prepared samples present infrared and
Raman spectroscopic features characteristic to vitreous systems, even though the X-ray diffraction patterns
are specific to 8-Bi,O5 crystalline phase. Only after heat treatment the bands denote features characteristic
to sillenitte crystalline phases with [BiOsE] structural units. The results obtained by infrared and Raman
spectroscopies support the major preponderance of structural units with high local disorder even in the
sillenites.

It appears more appropriate to analyse the structure of heavy metal bismuthate non-crystalline
materials in terms of structural units identified in their crystalline counterparts than simply to consider
only [BiO3] and [BiOg] units. Taking this into account, it is more proper to discuss about low coordinated
(N < 6) bismuth species (in BiOsE and BiOsE units) and highly coordinated (N > 6) species (in BiOg4E,
BiO-E and BiOgE units). In all cases, we have to keep in mind that all these units are characterised by a
large disorder and that always three oxygens are much closer to bismuth, facts that can explain the ability
of bismuth to act as glass network former even when only highly coordinated bismuth species are present
in the matrices.

Note: Part of these results were presented by Simon S at Int. Seminar on Glasses and other Functional
Materials — ISGFM, Dec. 11-13, 2014, Acharya Nagarjuna University, Guntur, A.P, India.
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We present a theoretical study of time-resolved four-wave mixing (FWM) spectroscopy on a model system describing
coupled electron-nuclear dynamics. Changing the parameterization of the Coulomb-interaction, two situations can be
created. In one case, the Born-Oppenheimer adiabatic approximation holds. In adjusting the pulse sequence it is then
possible to separately monitor ground state and excited state vibrational wave-packet dynamics. In the second case,
strong non-adiabatic coupling is present so that the separation of ground- and excited state nuclear dynamics becomes
difficult. To investigate details of the dynamics and its relation to the spectroscopy, we compare FWM-signals obtained
from an exact numerical calculation to those obtained within the adiabatic approximation.© Anita Publications. All
rights reserved.

Keywords: Femtosecond, Laser pulses, Emission, Born-Oppenheimer approximation Time-resolved four-wave mixing
(FWM) spectroscopy

1 Introduction

Modern non-linear spectroscopic techniques are valuable tools to investigate the structure of and
dynamics in molecules [1,2]. One of such techniques is four-wave-mixing (FWM) spectroscopy. The latter
employs the interaction of three laser pulses, which induce a third-order polarization in the molecular
sample under study. This then leads to the emission of a signal field, which reveals properties of the
system. With the availability of ultra-short pulses it became possible to characterize molecular dynamics in
solution with FWM-techniques obtaining a resolution on the femtosecond time scale [3—5]. Later on, gas-
phase systems were also studied [6,7]. A significant step forward was taken by Kiefer and co-workers who
applied femtosecond time-resolved FWM to I, gas samples [8-11] (for later work see, e.g., Refs. [12,13])
and developed a pulse-scheme which allows for the detection of ground-state molecular dynamics which
is usually difficult to access.

In the mentioned experiments on gas phase I, samples, the laser fields couple the ground and a
first excited electronic state. The used pulse sequence consists of two pulses with wave vectors (k;, k»)
interacting simultaneously with the system. A third pulse (k3) is delayed by a time 1. The signal consists of
the time-integrated polarization (in homodyne detection) emitted in direction k; — k, + k3, which is detected
as a function of the pulse delay. As a general trend, it was shown that, for negative delay times, the motion
in the excited electronic state is monitored. On the other hand, for positive 1, the ground state vibrational
dynamics is mapped. These experimental results were confirmed by theory [14-16]. It has to be noted that
such a clear separation is possible only when the Born-Oppenheimer (BO) approximation [ 17] is valid which
means that the two electronic states are coupled exclusively by the laser fields. If non-adiabatic couplings
are present, vibrational dynamics is not restricted to a single state and a different picture will appear. Non-
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adiabatic effects being present in excited states were also studied by Kiefer and co-workers with FWM
techniques [ 18,19]. In this paper, we present a theoretical study of FWM-spectroscopy on coupled electron-
nuclear dynamics. Therefore, we use a model restricted to two degrees-of freedom, where an electron and a
proton move in one dimension between two fixed ions. This model, introduced by Shin and Metiu [20], has
proved to be very useful in illustrating basic features of electron-nuclear dynamics [21-28]. In Section 2,
the model is described, and the calculation of the FWM-signal is outlined. Numerical results are presented
in Section 3, which also contains a summary of the paper.

2 Theory and Model
2.1 Shin-Metiu model

To study coupled electron-nuclear dynamics we consider the configuration which is sketched in Fig
I, upper panel. Two protons are fixed at positions of L =+ 5 A. An electron and a proton move in a single
dimension with coordinate  and coordinate R, respectively.

n

V (R) [eV]

n

V (R) [eV]

0
RTA]

Fig 1. Upper panel: Configuration of the model system consisting of two fixed protons and an
electron with coordinate r and a proton with coordinate R. Different parameterizations of the
interaction potential lead to potential energy curves which reflect the situation of strong (non-
BO, R, = 2.5 A) and weak (BO, R, = 1.5 A) non-adiabatic coupling. The arrows indicate the
photon energies used in the calculations.

The interaction potential is parameterized as in [20] (atomic units are used here and in what follows):

1 N 1 _erf(lL/2 - r|/Rf) _erf([R— H/R.) _erf(Z|2 + r|/Rf)

(t,R)=
(@ R) |IL/2—-R| |L2+R| |L/2 — 7] R — 7| |L/2 + 7|

(1

Here (erf) denotes the error function and the screening parameter Ry is taken as 1.5 A. The second
parameter (R.) determines the interaction between the moving particles and by adjusting it, the cases of
adiabatic and non-adiabatic motion can be realized, see below. The Hamiltonian is:

A2 2

P p
S A ) 2
o Ty TR @

where p and p are the nuclear and electronic momentum operator, respectively, and M is the proton mass.
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The electronic Schrodinger equation is obtained for fixed values of the nuclear coordinate R:

Pu(rs R) =V, (R) 9, (1, R). 3)

Numerical solution of this equation yields potential energy curves V,(R) and electronic wave
functions ¢,(r, R), where (n) is the quantum number of the electronic state |z). Depending on the value of
the parameter R, different potentials are obtained. In Fig 1, lower and middle panel, we show potentials
calculated for values of R, = 1.5 A and R, = 2.5 A, respectively. Only the lowest three states with quantum
numbers (n = 1-3) are included in the figure. It is seen that for R, = 1.5 A, the ground and first excited state
potentials are well separated which suggests that the adiabatic approximation holds in the respective energy
range. This is indeed the case [21,23], and we will show that this situation is comparable to that of the I,
molecule (see section 1), leading to similar features in the FWM-signals. Within the adiabatic approximation,
the nuclear dynamics in the two states can be treated separately by solving the nuclear time-dependent
Schrodinger equation:

A2
p_ + V(r,R)
5

. R, 0=H,y, (R t)—(ﬁ2+V(R)\ (R, ©) 4)
5 Vn (& n Y (R, LzM n an 2 0).

On the other hand, regarding the potentials in the middle panel of Fig 1, one notices that the lowest
two potentials show an avoided crossing with a very small energy gap at R = 0, pointing a breakdown of the
BO-approximation.

2.2 Four-wave mixing signals

The total electric field perturbing the electron-nuclei system consists of three laser pulses and is written as:

3
E= X [EN (-T)+ EO (¢~ 1)), ©)
=1

where
| .
EM(-T)= o Ae=T)"™ 7, (6)

Here, the (+) component (wave vector in (+k;)-direction) triggers an absorption process and the
(—) component (wave vector in (—k;)-direction) induces stimulated emission. We employ Gaussian pulse
envelopes 4; (t — T;) of different widths, having maxima at times 7;. The three photon energies are set to the
same value (w; = w) which, for the signal, corresponds to the case of degenerate four wave mixing (DFWM).
As values we choose @ = 2.9 eV for the parameterization with R, = 1.5 A and w = 1.9 eV for R, = 2.5 A.
These values are marked with arrows in Fig 1. The pulse sequence is such, that the first two pulses (/ =1, 2)
act simultaneously at 77 = 7, = 0, and the third pulse (/= 3) is time delayed with the delay time 7= T5.

The time-dependent polarization of third order, leading to emission under the phase-matching
condition (k;= k; — k, + k3) has several contributions. In order to illustrate the non-BO effects it is sufficient
to restrict the calculation to a single term (being the most significant one in the iodine case [ 14]) which reads:

PEO )= (R, ) |u(r, B W (ky—ky + k7, R 1, D), e (7)

Here enters the dipole moment u(r, R) = (—r + R) and different wave functions evolving from
perturbation theory. The superscript (¢) is added to indicate that here the polarization is determined from
solutions of the time-dependent Schrédinger equation for the coupled motion. The zeroth-order functions is:

v (r, R, 1) ="y (1, R), @®)

where (7, R) is the ground-state wave function with energy E. The third-order wavefunction, for positive
delay-times T, is calculated iteratively [29, 30] as:
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l//(l) (kla r, R7 t+ At) U(At) l//(l) (klﬂ r, R> t) +

i(u(r, RVE™ (t + AD) wO(r, R, t + AD), 9)
O (e +ky, m R t+ A = UAD) y® (ky +ky, 7, R, D) +
i(u(r, R)Ey (t + Af) wD(ky, r, R, t + A1), (10)
y s -kt ky, r, Ryt + A= U (A y® (ky—ky+ ki, v, R, 1) +
i(u(r, R)E;™ (t + Af) wP(—ky + ky, 7, R, t + AY). (11)

Here enters the propagator for the coupled motion: U(Af) = et A1 and At is a finite time-step. For
negative delay-time, the same scheme but for interchanged pulses, / = 1 and / = 3 applies. The propagation

is performed numerically [31] on a two-dimensional grid.

Within the BO description, the polarization is

PEO (1, 1) = (i@ R, 1) [y R, (ks =y + ki, R, 1, T) R, (12)

with the transition dipole moment:
Hin(R) = 1 (R) = ¢y (r, R) |u(=r + R)lg, (r, R)),. 13)

The unperturbed function
01V (R, 1) =" gy o (R), (14)

is the ground state vibrational eigenfunction of Hamiltonian H, with energy E 1.0- The iteration scheme now
reads:

l//n(l) (kls Rs t+ At) Un(At) Wn(l) (kl’ R, t)

+ it (RE, (1 + A1) y (R, ¢ + Av), (15)
i@ (ky + kRt + A = Uy (M) i ® (ky + oy, R, D)
+i(u(R)Ey (t+ AD) w, ) (ky, R, t + At), (16)

v, (ks —ky+ k, Rt + AD) = U, (A1) w,® (ks —ky+ ki, R, 1)

+ i (REs" (¢ + A vy @ (hy + ki, R, £+ AD). a7
where v, is the vibrational wave function in state | in j-order perturbation theory.

The FWM-signal is calculated as (homodyne detection [32]):
T,

sO@= [ ap® @ 0P, (18)

P

where T}, is the full width at half maximum of the laser pulses and s = ¢, BO. We checked numerically that
the calculated signals do not change significantly if the time-integration is performed over longer times,
for a detailed discussion see Ref [16].

3 Results

We first regard the case of R, = 1.5 A, where the BO-approximation is valid and treat laser induced
resonant transitions between the electronic states |1) and |2), where the potentials are those displayed in the
lower panel of Fig 1. We use a pulse width of 2.8 fs which approximately corresponds to the impulsive limit
[32], where all three pulses are d-pulses. It is instructive to evaluate the polarization (Eq (12)) in this limit.
This yields, for positive delays t:
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PO (1, 1) = (O (0) gl Un(t — ) paU(7) piatiar i@ (0)), (19)

Inserting the completeness relation employing the vibrational eigenfunctions |g,, ,,,) With energies
E, ., in states [1) and |2), respectively, yields

PEEO (1 1) = —Fro! mlzmz<l//1(0) (0) 12l @2, mp) P2, mol 21| @1, )

(@1, m | H12421] v 0(0)) e F2my! e Fr.my = Erm)" (20)
This leads to the signal
SBO) () = m%:mz m'I,ZM'z c(my, my, m'y, m%) e E2m = Eo )7 i my = Er )7
T,
[t ey Er 1)
T,

where we have collected the product of the various matrix elements into coefficients c(m, m,, m'|, m'). For
long enough times 7),, the time-integrals are proportional to 3-functions 3,,, ,,-, so that the signal simplifies to:

SBO (1) x XX c(my, my, m'y, m'y) @Enm ~Erw)® (22)
my, myp mp

We thus see that, for positive delay-times, the signal oscillates with energy differences between
energies in the electronic ground state.

For negative delay-times the polarization reads:

P59 (1, 1)

W@ @) [l Ua(t = 1) 1o, Us(2) a1, V(0))

1l ©(0))

= *e[El’Otm;‘mE(l/h(O) (0) 112192, my) @2, mol 21 12102, my) P2, iy

e’iEZ,mzt ei(EZ. my ~ E2, m’z)T, (23)

and the signal, using the same arguments as given above, is
SO (1) x 2 b(my, mb) &F2m 2wy, (24)
my, n>H

with coefficients b(m,, m',) containing products of dipole matrix elements. We now encounter oscillations of
the signal occurring as a function of the delay time t which are determined by the energy differences in the
excited state.

In Fig 2, upper panel, we show the BO-signal for the weak coupling case (R, = 1.5 A). At times
when the three pulses overlap, the signal exhibits some transient effects. Oscillations are seen which reveal a
different period for positive and negative delay times. We calculate the vibrational energies in both states and,
within the energy range accessible by the pulses, find average spacings of AE; =0.074 eV and AE, =0.086 ¢V,
respectively. These numbers correlate with vibrational periods of 7'y, = 55 fs and 15 3, = 47 fs, which is in
perfect agreement with the numerical results. Note that, in calculating the energy spacings, symmetry has to
be taken into account. Starting from the gerade (g) ground vibrational state, only ungerade (u) excited state
vibrational levels can be excited. A two-photon transition back to the ground states results in a vibrational
wave packet consisting of eigen functions with (g)-symmetry.
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— BO(1-2)

Wb

BO .
S [arb. units]

_ [— o)
o
<
%)
=200 -100 (}U 200
deldv [15]

Fig 2. Comparison of DFWM-signals obtained within the Born-Oppenheimer approximation
(upper panel) and for the coupled electron-nuclear motion (lower panel). Here, the weak coupling
case R, = 1.5 A is treated.

We now turn to the spectrum obtained from the exact calculation. The analytical expression
corresponding to Eqs (22,24) are:

5,9 (1) ~ ZEc(aBa B) eEuEu)r, 25)
5€ (g) ~ B%C(B, B) & Fa B, (26)

o BU(I 7.;

- B(_l(l

o e\':cl

N . ] L ] L
200 -100 0 100 200
delav [fs]

Fig 3. DFWM-signals for the strong coupling case (R, = 2.5 A). Curves obtained within the
Born-Oppenheimer approximation are displayed for the to transition in the upper panel and for
the - transition in the middle panel. The exact spectrum is shown in the lowest panel of the figure.
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Here, we do not associate the energy levels with different electronic states (i.e., do not classify
the energies by an electronic and nuclear quantum number). Thus, in principle, energy differences between
arbitrary levels appear in the expression for the signal. This, however, is not the case for weak coupling
(R, = 1.5 A) as can be seen from Fig 2. The exact spectrum, displayed in the lower panel of the figure agrees
almost perfectly with the BO-spectrum. This manifests the expectation that the adiabatic approximation
is valid and implies that the energy differences appearing in Eqs (25,26) can indeed be associated with
vibrational energy differences in the excited or ground electronic state, respectively.

Next, the case of strong adiabatic coupling (R, = 2.5 A) is regarded. The lower panel of Fig 3
shows the exact spectrum. At negative delays, small-amplitude oscillations are seen. For positive delay times
oscillations with a period of 75 fs occur on a large constant background signal. A comparison to the BO-
signal calculated for laser-induced transitions between the states |1) and |2) (middle panel) shows that the
spectra are not compatible with each other. This clearly demonstrates that, if only the lowest two electronic
states are included, the BO-treatment fails.

7| [— Bo(-3)
£
g
[ £.0]
T — BO(1-2)
=
5
g
v
z
£
u:n
P o A | |

L
-200 -100 0 100 200
delay [fs]

Fig 4. Same as Fig 3 but for longer laser pulses.

To clarify the importance of higher electronic states, we perform a BO-calculations for the |1) to
|3) transition which has a much higher oscillator strength [33] than the one to the first excited state. The
corresponding signal is displayed in the upper panel of Fig 3. It is seen that its time-dependence shows
some characteristics of the exact signal. In particular the oscillations at positive delays have the same period
and the background signal is also seen. This means that the use of the BO-approach involving the |1) to|3)
states is a better (but still not a good) approximation than taking only the |1) to |2) states into account. We
repeat the calculation using pulses of 10 fs width which leads to the spectra displayed in Fig 4. Because the
transitions to state |3) are non-resonant, the respective signal (upper panel) is now suppressed at negative
delays. Nevertheless, the ground-state dynamics (positive delays), including the background signal, is very
well reproduced within the Born-Oppenheimer treatment of the |1) to |3) field coupled states. This is not true
for the |1) to |2) transition (middle panel of Fig 4). Neither for positive nor for negative delays the signal
resembles the exact one.
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4 Conclusion

To conclude, we calculate femtosecond DFWM-signals which monitor the coupled electronic and
nuclear dynamics in a model system. Employing different parameterization of the interaction potential,
situations are established where a Born-Oppenheimer description of the dynamics is possible or fails. In the
first case, the picture which was first established in experiments on I, molecules is recovered: The signal at
negative pulse delays monitors the excited state vibrational dynamics whereas at positive delay times, the
ground-state dynamics can be mapped. This interpretation breaks down, if strong non-adiabatic coupling
is present. Then, the limitation to a two-state model with no non-adiabatic coupling is no longer possible.
Even if more electronic states with non-zero oscillator strengths are included in the adiabatic approximation,
the calculated signals cannot reproduce the results obtained if the complete coupled dynamics is taken into
account.
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The accuracy of the MO6L DFT method in the prediction of the vibrational spectra of 4-amino-2-chlorobenzonitrile
molecule was tested and compared with that of the B3LYP method. The experimental FT-IR and FT- Raman spectra
in the solid state were recorded at room temperature, and the bands assigned with accuracy by comparison with the
results obtained by different methods, including MP2 and DFT. The FT-IR spectrum in Nujol mull was also recorded
and analyzed. Several scaling procedures were used and several recommendations were presented. The wavenumbers of
most of the modes were found in the expected range and the error obtained was in general very low. The thermodynamic
parameters were calculated and discussed. The NBO analysis was done and Molecular Electrostatic Potential (MEP) was
plotted. The calculated HOMO and LUMO energies showed that charge transfer occurs within the molecule. Several
general conclusions were deduced. © Anita Publications. All rights reserved.

Keywords: MO6L DFT method; FT-IR and FT- Raman spectra; Molecular Electrostatic Potential (MEP); HOMO and
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1 Introduction

The theoretical prediction of vibrational spectra is of practical importance and has become an
important part of spectrochemical and quantum chemical investigations. A variety of different approaches
combining the theoretical and experimental results for predicting accurate vibrational wavenumbers have
been suggested and reviewed by us [ 1-3]. However, the accuracy of one of the new DFT methods, the MO6L,
has not been tested yet from the spectroscopic point of view. Thus, the main aim of the present manuscript
was to present scaling equations to be used with this method and to determine the accuracy obtained with
them in a simple BN derivative, the 4-amino-2-chlorobenzonitrile molecule (4A-2CBN), which has not
been analyzed yet completely. Thus all the results obtained in the present study are being reported for the
first time.

4A-2CBN molecule was selected for the present study because of the interesting biochemical
and physical properties of benzonitrile (in short BN) and its amino derivatives. Substituted benzonitriles
have been studied extensively due to their wide applications in various fields, e.g. they are used in the
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manufacturing of polymers and anhydrous metallic salts and as well as intermediates for pharmaceuticals,
agrochemicals, pesticides and other organic chemicals [4-8], and also they have many other important
applications [9-12]. Several halogen derivatives are well known herbicides since 1960s, and it was found
that benzonitriles, substituted at the 2 and 6 positions by halogen or methyl, had the highest herbicidal
activity. 2,6-dichlorobenzonitrile (2,6-DCBN) is a contact herbicide which controls broadleaf weeds in grass
type crops and in cranberry bogs. Some 2,6-dichloro-1-substituted benzene derivatives showed herbicidal
activity, comparable with that of 2,6-dichlorobenzonitrile. 2,6-difluorobenzamide, a fluorinated derivative of
DCBN, is used to synthesize benzyl urea like pesticides. Due to the high electro-negativity of chlorine atom,
entirely different physical and chemical properties are observed in these compounds as compared to the other
halogenated derivatives [13-16].

Although numerous experimental studies using the IR and Raman spectroscopic techniques, and
theoretical ones have been made in recent years on the vibrational spectra of BN and its mono- and di-
substituted derivatives [17-36], however, as far as we know, no structural data and a complete rigorously
studied vibrational analysis on 4A-2CBN molecule, Fig |, are available in literature yet [37]. Therefore, the
another aim of the present work is to analyze in detail for the first time the molecular geometry and vibrational
spectra of this molecule. The assignments and interpretation of the experimental IR and Raman bands are
based on DFT calculations and accurate scaling. Also, the results of the NLO properties, MEP mapping
and HOMO-LUMO analysis for the title compound are discussed for the first time. The importance of this
molecule may be seen from the fact that the substituted benzonitriles are finding increasing applications in a
variety of fields.

Fig 1. Label of the atoms in 4A-2CBN molecule.
2 Experimental
The compound 4A-2CBN (C7HS5CIN2) of spectral grade in solid state was purchased from M/s
Aldrich Chemicals (Milwanke, WI USA) and used as such without any further purification. The FTIR spectrum
of this compound in KBr pellet (with 1 mg sample per 300 mg KBr) was measured on a Perkin Elmer FT-IR
Model 1760 X, while the infrared spectrum in nujol mull was recorded on Nicolet DX spectrometer. The
spectra are shown in Figs 2-3.
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The FT-Raman spectrum was measured on a Nicolet Raman 950 instrument operating at room
temperature. The spectrum was recorded in powder form in the region of 3500-0 cm™. The spectrum was
accumulated by acquisition of 400 scans at a fixed temperature. The sample was mounted in the sample
illuminator using an optical mount and no sample pretreatment was undertaken. The NIR output (1064 nm)
of an Nd:YAG laser was used to excite probe. The instrument was equipped with InGaAs detector. The
instrument was set at 250 mW. The spectra are shown in Figs 4-5.
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Fig 2. Calculated (scaled) and experimental IR spectra of 4A-2CBN in the region 4000-2000 cm™' in KBr matrix
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Fig 3. Experimental IR spectra of 4A-2CBN molecule in the 2000-200 cm™' range in KBr and Nujol matrix, and
theoretical scaled spectrum using the scale equation procedure.
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Fig 5. Experimental and theoretical scaled Raman spectrum in the 1700-0 cm™ range using the scale
equation procedure with benzene molecule.

3 Computational details

Ab initio HF (Hartree—Fock), MP2 (second-order Moller-Plesset) and DFT methods are most
commonly used for the calculations of vibrational normal modes of a molecule to interpret and understand
its experimental vibrational (infrared and Raman) spectra. In the calculations done by these methods, the
effect of anharmonicity on both the vibrational frequencies and on the IR and Raman intensities is neglected.
Therefore, the calculated harmonic frequencies and IR and Raman intensities, in many cases, are not in good
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agreement with the experimentally observed IR and Raman spectra [38]. In the present study, the density
functional theoretical (DFT) computations [39] were performed because they provide a very good overall
description of medium-size molecules. Moreover, for the wavenumber calculations [1-3,40] they appear
more accurate than HF and MP2, and at lower computational cost.

Mainly, three levels of theory have been used for geometry optimisation and calculations of
vibrational wavenumbers: B3LYP/6-31G(d,p), B3LYP/6-311++G(3df,pd), and M06-L/6-31G(d,p). Among
the DFT methods, B3LYP is the most popular, and it has been used satisfactorily in many studies of DNA
components [41-46], of drug designing [47-49], and of several other important molecules [50-54]. With
these methods and basis sets we have recently studied the geometry, and molecular properties of a series of
chlorobenzonitriles and difluorobenzonitriles [32,33, 54-57].

In the present study, the results obtained by B3LYP method were compared with those obtained
with the new method MO6L [58] available today in Gaussian 09 [59] program package, and developed by
Zhao et al [60]. MO6L generally yields good results for a broad range of interactions, including non-covalent
interactions [58,60]. However, the accuracy of MOG6L in the calculation of the vibrational wavenumbers has
not been tested yet, although several studies with M06 method have been reported [61].

The geometry structure and atomic charges calculated by DFT methodswere confirmed by using
ab initio MP2 calculations. For comparison purposes the natural NBO atomic charges [62,63] were also
calculated in BN molecule.

Molecular geometries were fully optimized by Berny*s optimization algorithm in redundant internal
co-ordinates, and with the standard optimization convergence criteria. Imaginary frequencies were not found
in the vibrational analysis which proves that the geometries determined belong to a true minimum. The
harmonic approximation was used at the same level of theory that the optimized geometry. Visualization
and checking of calculated data were done by using the Gauss View 4.1 program for the stable form of the
molecule.

Raman scattering activities (S;) calculated by Gaussian 09 program were suitably converted to
relative Raman intensities (/;) using the following relationship derived from the basic theory of Raman
scattering [64-66]:

I CE N
" y[l-exp(~hcv, / kT)]

where f'is the suitable chosen common scaling factor for all the peak intensities, v, is the laser exciting
frequency (cm™'); in this work we have used the exciting wavenumber v, = 9938.5 (which corresponds to the
wavelength of 1064 nm of a Nd: YAG laser), v; is the vibrational wavenumber of the ith normal mode, and 4,
c and k are universal constants.

4 Results and dicsussion

4.1 Geometry Optimization

The optimized bond lengths, bond angles and torsional angles determined by the different theoretical
methods in the isolated state of 4A-2CBN molecule are listed in the 2™ to 5™ columns of Table 1, while the
labeling of the atoms is plotted in Fig 1. Although X-ray experimental data on 4A-2CBN has not been
reported yet, however, the calculated values with the different methods were, in general, in accordance to the
microwave data reported for the molecule of BN [67], to the X-ray values in 4-aminobenzonitrile (4ABN)
[55b-d], and to the computed values in several BN derivatives [25,26]. In the crystal of the solid state,
the molecules of 4A-2CBN are expected to be connected to a three-dimensional network, as reported in
4ABN [68-70], and to form intermolecular H-bonds between an amino H-atom and the cyano group of a
neighboring molecule, with classical hydrogen bonds of the N-H-*N type. As a consequence, an unexpected
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small deviation from co-planarity for the phenyl and cyano groups can be predicted. Also, in the crystal the
cyano group is expected to appear bent towards the substituent amino group.

Table 1.0ptimized geometrical parameters at B3LYP, MO6L and MP2 levels in 4A-2CBN and benzonitrile (BN) molecules.

4A-2CBN BN

B3LYP/ B3LYP/ MO6L/ MP2/ B3LYP/ MP2/
Parameters 6-31G(d,p) 6-311++G(3df,pd) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p) 6-31G(d,p)
Bond lengths
Cl1-C2 1.408 1.403 1.407 1.404 1.405 1.403
C2-C3 1.387 1.382 1.384 1.39 1.392 1.393
C3-C4 1.408 1.401 1.404 1.402 1.397 1.397
C4-C5s 1.41 1.404 1.407 1.405 1.397 1.397
C5-C6 1.383 1.378 1.38 1.387 1.392 1.393
C6-Cl1 1.409 1.402 1.406 1.404 1.405 1.403
C1-C7 1.428 1.423 1.42 1.43 1.435 1.436
C2-ClI 1.749 1.734 1.734 1.734 - -
C4-N 1.38 1.377 1.374 1.392 - -
C=N 1.164 1.153 1.169 1.184 1.163 1.184
Bond angles
C2-C1-Co 117.6 117.8 117.5 118.5 120.1 120.5
C-C2-C 121.5 121.2 121.5 120.8 119.7 119.4
C-C3-C 120.3 120.5 120.2 120.5 120.2 120.3
C-C4-C 118.7 118.7 118.8 118.9 120.2 120.1
C-C5-C 120.3 120.3 120.3 120.4 120.2 120.3
C-C6-C 121.5 121.5 121.6 120.9 119.7 119.4
C2-C1-C7 122.5 122.3 122.1 121.7 120 119.7
Co6-C1-C7 119.9 119.9 120.4 119.8 120 119.7
C1-C2-CI 120 120.1 119.7 120.3 - -
C3-C2-Cl/ 118.5 118.7 118.8 119 - -
C3-C4-N 120.4 120.4 120.3 120.3 - -
C5-C4-N 120.8 120.8 120.8 120.6 - -
C-C=N 179.9 178.1 178.3 178.3 180 180
H-N-H 114 114.2 113.8 111.4
¢ tilt angle 2 2.1 1.4 4.6
o (inversion) 32.5 31.5 333 42.1
Torsional angles
C2-C-C4-N 177.6 177.7 177.4 177
C3-C-N-H14 20.3 19.6 20.6 26.9

C5-C-N-H13 —20.5 —19.7 -213 —27.6
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Two optimum conformations were determined in 4A-2CBN molecule, with the planar form of the
-NH, group being saddle point. Thus, the data on this conformer were omitted in the present manuscript.
With the exception of this -NH, group, in the stable form the molecule is completely planar. The nitrogen
atom is ca. 0.10 A above the plane of the phenyl ring (at MP2 level) with both hydrogen atoms in opposite
directions.

Phenyl-ring structure

As compared to MP2 values, the calculated C-C bond lengths by B3LYP appear with the same
accuracy as that by MO6L. However, the C-C1 bond length computed by MO6L has the same value as that
by MP2, while by B3LYP/6-31G(d,p) it is 0.015 A longer. The calculated C=N bond length by B3LYP
and MO6L are noticeably lower than by MP2, i.e. these methods (B3LYP and MO6L) appear to fail in the
calculation of C=N bond length, although the difference is larger by B3LYP than by M0O6L.

For comparison purposes the values obtained in BN molecule were also collected in the 6-7™
columns of Table 1. The broad features observed by the replacement of the hydrogens in positions 2 and 4 of
the BN moiety by chlorine and amino substituents, respectively, can be described as follows:

(1) The effect of the chlorine atom on the ring bond lengths is small; at the MP2 level the C1-C2 and
C1-C6 bonds have the same value, while C2-C3 is only 0.003 A longer than C5-C6. The effect on the angles
is also very small or almost null, with very close value for C1-C2-C3 and C1-C6-C5.

(i1) The increment of the lengths in the C—C bonds adjacent to C1-C7 and C4-N10 is accompanied
by slightly irregular hexagonal structure, measured in the ipso angles C2—C1-C6 and C3—C4-C5, with values
at the MP2/6-31G(d,p) level of 118.5° and 118.9°, respectively. These values are in agreement with that
calculated at the same level by us in the aniline molecule [71], 118.84°, but in contrast with the very small
change calculated in BN, 120.5°. This feature indicates that the C=N substituent alone does not have any
effect on its ipso angle.

(iii) The ring structure appears a little distorted. It shows a quinonoid structure, and thus with C1-C2
(C1-C6) and C3—C4 (C4—C5) bond lengths (1.40 A at the MP2 level) longer than the C2—C3 (C5—C6) bonds,
1.39 A. This effect is larger by DFT methods than by MP2. This quinonoid form is characteristic of BN
molecule, with a C2-C3 bond length of 1.393 A by MP2, and it remains in 4ABN with a value of 1.389 A for
this bond.

(iv) The ring angles at the C1 and C4 sites of substitution appear slightly closening, which leads to
an opening of the angles at the vicinal C2 (C6) and very slightly at C3 (C5) atom positions.

(v) All the distortions can be explained in terms of the change in hybridization affected by the
substituent at the carbon site to which it is appended. Thus, the ring angles obtained in 4A-2CBN can be
reasonably explained by the superposition of the ring angular distortions of ortho-chlorobenzene, para-
aminobenzene and BN, although the effect of the chlorine atom is small due to its low positive charge. It is
as follows: starting from the symmetrical structure of benzene ring, the angle decreases slightly at the site
of the -C=N and -NH, substitutions and increases by ca 0.4—0.9° at adjacent positions. This is due to the
electronegative C=N substitution, which leads to a lengthening of the nearest C1-C2 bond and shortening of
the vicinal C2—C3 (C6—C5) bonds, as observed in BN molecule, although with lower values.

(vi) The chlorine atom has no influence on the planarity of the structure. Thus, with the exception
of the NH, group, 4A-2CBN is a planar molecule, as BN, i.e. all the ring torsional angles with values 0 or
180°.

(vii) The chlorine atom withdraws negative charge (0.22 ¢~ by MP2, where ¢ is the charge of an
electron) from the bonded C2 atom, which therefore changes to a small and positive value, Table 2. The
effect of the NH, group is small on this atom, only there is a slight decrease in the negative charge, upto
-0.126 €.
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The C—X and C=N bonds

A notable difference in the computed C=N and C4-N10 bond lengths is observed by the different
methods used in the present study. At the MP2 level, the nitrile (C=N) bond length is 1.184 A, while by MO6L
itis 1.169 A and by B3LYP/6-311++G(3df,pd) is 1.153 A. For C4-N10 bond length, the differences are also
large, with values 1.392 A by MP2, 1.374 A by M06L, and 1.377 A by B3LYP6-311++G(3df,pd).

A small effect due to the chlorine atom on the C1-C7 bond length is observed (1.430 A by MP2 in
4A-2CBN), which is slightly shorter as compared to BN (1.436 A) and 4ABN (1.434 A). The small reduction
in 4ABN is mainly due to the -NH, group, which is a donor substituent on the ring. As the C=N group
remains almost unchanged, therefore, the substituents have no effect on the C=N bond length.

Table 2. Calculated natural NBO atomic charges at B3LYP and MP2/6-31G(d,p) levels in 4A-2CBN and BN molecules.
4A-2CBN BN

Atom B3LYP/6-31- B3LYP/6-311- MO6L/6-31- MP2/6-31-  B3LYP/6-31- MP2/6-31-

G(d,p) ++G(3df,pd) G(d.p) G(d,p) G(d,p) G(d.p)
C1 -0.224 -0.249 -0.223 -0.257 -0.171 -0.188
C2 0.012 0.021 0.013 0.051 -0.189 -0.17
C3 -0.302 -0.275 -0.306 -0.326 -0.235 -0.239
c4 0.203 0.202 0.213 0.275 -0.216 -0.198
(% -0.291 -0.255 -0.293 -0.317 -0.235 -0.239
C6 -0.161 -0.114 -0.163 -0.113 -0.189 -0.17
C7 0.277 0.288 0.291 0.326 0.28 0.328
H8 0.256 0.22 0.252 0.254 0.247 0.243
N9 -0.827 -0.772 -0.835 -0.887 - -
H10 0.245 0.21 0.241 0.243 0.247 0.243
H11 0.261 0.222 0.259 0.258 0.249 0.244
=N -0.305 -0.315 -0.322 -0.356 -0.305 -0.361
HI13 0.414 0.383 0.42 0.412 - -
H14 0.414 0.383 0.42 0.412 - -
Cl 0.03 0.049 0.033 0.025 - -

Although between 4A-2CBN and 4ABN, the differences in the C1-C7 and C—C bond lengths are
small, however in the C4-N bond of the amino group, the difference is significant, and it is 1.392 A in 4A-
2CBN vs. 1.383 A in 4ABN by MP2. This difference is due to the chlorine atom. The difference between
4ABN and aniline [72] is also significant. Thus, in 4ABN, the C4-N bond is shortened (1.383 A vs 1.406 A
of aniline molecule), leading to a lower pyramidal character (more sp?) of the -NH, group, i.e. shortening of
the N-H bond (1.010 A in aniline molecule), opening of the C~-N-H and H-N-H angles (113.0 and 109.8° ,
respectively in aniline), and lower inversion angle o (34.7° in 4ABN vs 47.2° in aniline) and #i/t angle € (4.4°
in aniline). This planarization of the amino group in 4ABN has been interpreted [68] due to resonance with
the aromatic system.
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4.2. Scaling the wavenumbers

The use of adequate quantum chemical methods and scaling procedures, compensates the calculated
harmonic wavenumbers to be compared with the anharmonic wavenumbers found by the experiment (IR and
Raman spectra) [73,74], and remarkably reduce the risk in the assignment of bands. The procedure selected
for scaling the wavenumber depends on the size of the organic molecule and the accuracy required for the
predicted wavenumber. In the present study following three scaling procedures were used:

(1) The linear scaling equation procedure (LSE), which employs the linear scaling equation calculated
in the benzene molecule at the same level, that are the following:

vsealed =22 1+ 0.9543 - ealevlated  for B3LYP/6-31G(d,p) level, from [1,2]
viealed = 23 64+ 0.9528 - @evlated  for B3LYP/6-31G(d,p) level
vealed = 31 2 40,9515 - ealevlated  for B3LYP/6-311++G(3df,pd) level
viealed =29 7 4 0.9502 - wealeulated  for MO6L/6-31G(d,p) level

The results are presented in Table 3. The calculated equation in the benzene molecule with the MO6L
method has a worse correlation coefficient r.

For the NH, vibrations, we used the following scaling equation which was obtained from the amino
group of aniline molecule:

vialed = 44 5 4 0.9441 - evlated  for B3LYP/6-31G(d,p) level, from [72]
ysealed — 38 4 +0.9367 - @elevlated  for MO6L/6-31G(d,p) level
Figures 2-5 show the experimental IR and Raman spectra, together with their simulated scaled
spectra using the LSE procedure at the B3LYP/6-31G(d,p) level of theory.

(ii) The two linear scaling equations, one from 0-1000 cm ™!, and another one from 1000-4000 cm .
The equations used, presented for the first time here, were:

vsealed — 21,0 + 1.0102-0 1% for the 0-1000 cm ™' range and B3LYP/6-31G(d,p)
vialed = 39 54 0.9490-0°ad for the 1000-4000 cm™' range and B3LYP/6-31G(d,p)
viealed = 193 + 1.0157- 0 for the 0—-1000 cm™' range and MO6L/6-31G(d,p)
vealed = 37 0+ 0.9469-@%cuad  for the 1000-4000 cm ™! range and MO6L/6-31G(d,p)

[Tl [T

(iii) The polynomial scaling equation, y =a +b;x +b, x> where “y” is the scaled frequency, “x” is
the calculated frequency, and “a”, “b;” and “b,” are coefficients determined in the benzene molecule. This
scaling equation procedure is new and its accuracy has not been reported yet

Vil = 4.3 +0.9923- 0%l - 10,0310 (0™ ¢%)? for B3LYP6-31G(d,p) level
veealed = 3 6 40,9871 -@@leulated _ 9 39.1076-(@ealeulaied)2 for MO6L/6-31G(d,p) level

4.3 Analysis of the different vibrations

In order to have the spectroscopic signatures of 4A-2CBN molecule, we performed calculations
using B3LYP/6-31G(d,p), B3LYP/6-311++G(3df,pd), and M06-L/6-31G(d,p) methods. It is worthwhile to
note that calculations were performed in gas phase, whereas spectra were recorded in solid samples, therefore
there are some disagreements between calculated and observed vibrational wavenumbers. Table 3 collects the
theoretical (calculated) results. The first column lists the computed wavenumbers at the B3LYP/6-31G(d,p)
level in decreasing order, while the second column shows their respective relative IR intensities (A), and
relative Raman scattering activities (S), third column. The relative IR and Raman intensities were determined
by dividing the computed values by the intensity of the strongest ones at 1678 and 2345 cm™, respectively.
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The columns 4 to 10™ collect the results at the B3LYP/6-311++G(3df,pd) level. In the column 7% is listed the
Raman depolarization ratios for plane polarised (P), and unpolarized incident light (U), 8 column, reduced
masses (1), 9" column, and the force constant of each vibration (f), 10" column. To check the accuracy
of methods, the calculated wavenumbers at the MO6L and MP2 levels are also listed in the columns 11-
12" respectively. In the last column appears the characterization established by B3LYP for each calculated
wavenumber determined in the ring modes. For the characterization of the ring modes was taking into account
the atomic displacement vectors obtained in 4ABN molecule, and plotted in Fig 6. For the assignments of
the ring modes was followed the Varsanyi’s notation [75] for a 1,2,4-tri-substituted benzene. The modes
corresponding to the substituents appear listed in Table 4.

Table 4. Modes corresponding to the substituents in 4A-2CBN

Modes 4A-2CBN
Stretching Ta, 7b, 13
In-plane bending 9a, 9b, 15
Out-of-plane bending 10a, 10b, 17a

Table 5 collects the scaled values with the linear scaling equation procedure (LSE) at three levels of
computation, together with the results obtained by the procedure that uses two linear scaling equations and by
the procedure that uses a polynomial scaling equation. For simplicity, in the last both cases only two levels of
computation were used. The LSE procedure with two linear equations were used at the B3LYP/6-31G(d,p) level:
one with the scaling equation reported by us [1,2], and another one, with a new scaling equation calculated by
us here with better values. In both cases the results were very similar. All the calculated scaled wavenumbers

Out-of-plane vibrations

YC-X)

105 cmt 258 cm! 415cm! 563 cm!

726 cml 824 cml 837 em! 958 cm! 959 cm!
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In-plane vibrations

8(C-X)
o
\

g

8(C=N)

153 em! 419 cm! 560 cm?! 664 cmt

| 717 em?! 853 cm! 1028 cm! 1159 cm! 1204 em?

f
1239 cm! 1334 cm! 1341 cm! 1370 cm! 1481 cm! 1560 cm!

1614 ¢cm! 1681 cm! 3184 cm?! 3184 cm! 3213 cm! 3214 cm?!

Fig 6. Characterization of the ring modes in 4-aminobenzonitrile molecule at the B3LYP/6-31G(d,p) level.

were compared to the experimental IR values obtained in KBr matrix and by Raman spectroscopy. Also for
simplicity, the values obtained in Nujol mull were omitted in the Table because they appear very close to
those in KBr matrix, Fig 4. The absolute error, Av = v(scaled) — v(experimental) obtained for each method
and procedure of scaling is included in the Table. The experimental values selected for this comparison
appears underlined. Mainly they correspond to infrared values, and some cases, when it is observed an
infrared value or it is not clear, from the Raman spectrum.
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Table 5. Comparison of the scaled wavenumbers (v, cm™!) with different scaling procedures and at different DFT levels
with the experimental values by IR and Raman spectroscopy, and the error obtained Av = v(scaled) — v(experimental

scaling Experimental
LSE Two eqns polynomial P

B3LYP/6-

e B3LYP/6- B3LYP/  MO6L/  B3LYP/ MO6L/6- B3LYP/  MO6L/6-

dp) 31G 6-311++ 631G 6-31G 31G 6-31G 31G Assignment

P IR Raman
(dp)  GQGdf,pd)  (dp) (dp) (dp) (dp) (dp)

from [1,2]

v Av v Av v Av v Av v Av v Av v Av v Av
3092 3089 3078 3097 3085 3094 3084 3092 3127vw  3127vw 2, v(C-H) in C5-H, C6-H

3084 -8 3081 —I1 3070 -22 3088 —4 3078 -14 3085 7 3077 —I5 3084 -8 3092w  3085vs  20b, v(C-H)in C3-H
3068 46 3065 43 3055 33 3081 59 3062 40 3077 S5 3061 39 3076 54 302w 3030  20a, v(C-H)in C5-H, C6-H

vw,2925s
1603 21 1602 20 1595 13 1616 34 1605 23 1617 35 1612 30 1625 43 1582s 8a, v(C=C) + B(NH,)
1548 18 1547 17 1540 10 1557 27 1550 20 1559 29 1557 27 1566 36 1590vs gy vic=C)
1493 -3 1492 4 1486 10 1503 7 1495 -1 1505 9 1501 5 1511 15 149%vs  1930W  1gp y(C=()
1426 27 1425 28 1422 31 1442 -1 1428 25 1444 —9 1434 —19 1450 -3 1453vs  1455M 195 y(C=()
1315 31 1315 31 1305 41 1350 4 1318 28 1352 6 1322 24 1357 11 1346w  1380m 14 y(c=()
1311 -3 1311 -3 1298 16 1326 12 1315 1 1329 15 1318 4 1333 19 1314s  1345M 13 y(C4-N, CCC)+3(NHy)
1244 27 1243 28 1247 24 1246 -25 1247 24 1249 22 1249 22 1252 -19 1271vs  320W 3 5C-)
1206 -1 1206 -1 1206 -1 1215 8 1210 3 1218 11 1212 5 1220 13 1207sh [27OWI235W 7, ycC= 000)+v(C=N)
1145 -19 1145 -19 1150 —14 1146 —18 1149 15 1150 —14 1150 14 1150 —14 1l64m, 12105 119Tsh 1o 5c )

132w 1178m 1146w g, 5c-p1.CC)
1034 -1 1034 -1 1038 3 1046 11 1038 3 1050 15 1036 1 1049 14 1008m 1035m 1015w
5, 4(C-H) in C5-H, C6-H

936 14 936 14 956 6 933 17 947 3 947 3 937 13 93 16 00m  IBW | 500C)+§(NHy) +v(C-Cl)
904 12904 12 909 17 919 27 912 20 931 39 904 12 919 27 SOSVW.  8TIW y7p wcHyinC3-H

892
835 12 835 -12 861 14 835 -12 840 -7 841 -6 834 -13 833 -14 847VW $45m 1 y(C-H)in C5-H, C6-H
810 6 811 7 81 17 802 2 813 9 806 2 808 4 800 4 804m T80W  125(CCC)+5(C=N) +5(NH,)
713 415 713 15 21 7 723 5 710 18 722 6 709 19 719 9 mm T2W 4 y(CCC, C-C2)

S
00 9 701 9 718 8 704 6 697 13 702 -8 696 14 700 10 710Vh 6b, 8(CCC) + v(C-Cl)

S
696 — 696 — 704 — 708 — 692 — 706 — 61 — 704 — 16b, Y(CCC) +1(C=N)
608 -9 609 -8 621 4 610 -7 599 -18 601 -16 601 —-16 603 —14 o 602vs gy §(C-C=,0CC) +8(C=N)
593 13 593 13 610 30 607 27 583 3 598 I8 58 6 600 20 580VW 582 vs

m

63,0(C4-N,CCCy+o(NH,+3(C=N)

03 42 A0 4 A 2 M6 0 MY T 4 T 9 4158 16ay(CCO)+o(NHy) +1(C=N)

S
452 41 453 42 458 47 446 35 435 24 426 15 441 30 434 23 ATm 45 5C4N,CCC) + §(C=N) +5(NHy)
405 — 406 — 415 — 414 — 38 — 391 — 392 — 401 — Tb.v(C-CI) +3(C=N) +1(NH,)
W30 A 21 s 23 S e 39Tm 10, y(C4-N,CCC) +y(C=N)
28820 9 25 IS M MM 20 8 BL 92 3 r: 305m, 260m g, 5(C-CLring) +5(C=N)+ ((NH,)
256 19 257 20 266 29 262 25 226 11 230 7 238 1 245 8 237sh 237m 104, 4(C-CL, ring) + y(NHy)

S
196 197 204 197 163 159 176 177 N 20m structure) +9(C-C=) +13%5(C-Cl)
115 13 16 14 123 21 124 22 77 25 81 21 9 10 101 -1 216531; 102 br, m

vs-very strong, s-strong, m-medium, w-weak, vw-very weak, sh, shoulder, v-stretching, br-broad, 3-in-plane bending, y-out-of-plane
bending, t-torsion, w-wagging, br-broad.
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The values obtained in the substituent modes, C=N and NH,, are collected in Table 6. To understand
the effect of substituents, these data were also compared with those obtained at the same computational level
in 4ABN molecule. Only important modes are discussed in the present work. As the assignments for the
remaining ring modes are obvious and therefore require no further discussion.

Table 7. The molecular-root-mean-square-error (rms), the mean-absolute-deviation (MAD), the standard deviation (SD),
and the greatest positive and negative deviations from experiment for each level of computation and for the calculated
and scaled wavenumbers of the ring modes of 4A-2CBN.

procedure level rms® MAD stanDev Large error
minimum maximum
calculated B3LYP/6-31G(d,p) 49.0 30.0 39.6 5.0 170.0
6-311++G(3df,pd) 43.7 27.8 343 8.0 156.0
MO6L/6-31G(d,p) 55.7 34.7 44.4 6.0 189.0
MP2/6-31G(d,p) 73.6 48.3 56.5 —41.0 237.0
LSE B3LYP/6-31G(d,p), from [1,2] 18.8 15.0 11.6 -31.0 46.0
6-31G(d,p) 18.9 152 11.4 -31.4 42.9
6-311++G(3df,pd) 21.2 17.6 11.9 —41.0 47.0
MO6L/6-31G(d,p) 21.3 16.9 132 -25.0 58.8
Two equa- B3LYP/6-31G(d,p) 18.0 15.3 9.8 -27.6 39.7
tions
MO6L/6-31G(d,p) 19.9 15.6 12.5 -22.0 55.5
polynomial B3LYP/6-31G(d,p) 17.2 14.2 9.9 -24.1 38.9
MO6L/6-31G(d,p) 20.1 16.0 12.4 -19.3 54.4

rms, defined as [ZA(0“"—v**P)?/n]"2, where n is the number of wavenumbers considered. ®MAD, defined as [EA(0®—v*P)]/n

Table 7 collects the rms (the molecular root mean square error), the MAD (mean absolute deviation),
the SD (the standard deviation), and the greatest positive and negative deviations from experiment for each
level of computation and each procedure of scaling. It is worthwhile to note the following:

(1) MP2 calculated wavenumbers are the worst. Their values appear with very large overestimation
and underestimation amount, and its scaling (did not included in the Table for simplisity) does not give the
enough improvement to be considered.

(i1) The MO6L scaled wavenumbers with the three scaling procedures appear in general with slightly
lower accuracy than those by the B3LYP method.

(iii) The B3LYP method with the large 6-311++G(3df,pd) basis set does not represent an improvement
on the scaled wavenumber when it is used with the 6-31G(d,p) basis.

(iv) Both LSE linear equations used at the B3LYP/6-31G(d,p) level lead to similar results.

(v) The best procedure of scaling is that which uses a polynomial equation, although the difference
is small as compared to the other two procedures, by the LSE and by the two linear scaling equations.
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Therefore, the discussion is mainly based on B3LYP/6-31G(d,p) results, and those obtained by
using the polynomial scaling equation.

C-X (X = Cl, C=, and N9) modes

The v(C-X) stretching vibrations corresponding to substituents are the normal modes 13, 7a and 7b,
Table 4. Mode 13 corresponds to the amino substituent, v(C4-N), while 7b is related to the chlorine atom,
v(C-Cl), and mode 7a to the cyano substituent, v(C-C=).

The in-plane bending, 5(C-X) vibrations are the modes 15, 9a and 9b. The mode 15 was identified
corresponding to the amino substituent, 3(C4-N), while mode 9a to the chlorine atom, 3(C-C/), and mode 9b
to the cyano substituent, 3(C-C=). The out-of-plane bending, y(C-X) vibrations are the modes 17a, 10a and
10b. According to the atomic displacement vectors, mode 10b corresponds to y(C4-N), while mode 10a to
v(C-Cl) and 17a to y(C-C=).

C-ClI vibrations

The stretching vibrations belonging to the bond between the ring and the halogen atom generally
give strong bands in the frequency range of 1130-480 cm™! [76], and the wavenumber corresponding to these
bands is influenced by the mass and bond strength of the neighboring substituents. Moreover, the smaller the
halide atom the greater is the influence of the neighbor. In monochlorobenzene derivatives, such as in 4-chloro-
3-nitrobenzonitrile [77], 2-amino-5-chlorobenzonitrile [78] and in 2-chloro-6-methyl benzonitrile [79], the
C-ClI stretching wavenumber mainly appears in the 600-870 cm™' range [75,80], whereas in dichlorobenzene
derivatives, such as 2-amino-3,5-dichlorobenzonitrile [33], the main contributions are calculated at 397 and
381 cm™, and in 2,5-dichlorobenzonitrile they are computed at 459 and 330 cm™! [56].

According to the Varsanyi notation for a 1,2,4-trisubstituted benzene derivative, the v(C-X)
stretching vibrations corresponding to the substituents are the normal modes 13, 7a and 7b, Table 4. In
these modes that corresponding to the chlorine substituent is characterized as 7b. The halogen atom directly
attached to the benzene ring interacts with its vibrations. With a “heavy” substituent, as in our case, the
stretching vibrations appear strongly coupled with CCC, NH, and C=N modes, and thus they are expected
to be calculated below 600 cm™'. Thus, in 4A-2CBN it was computed at 389 cm ™' (scaled at 380 cm™! by
polynomial scaling equation at the B3LYP level) and well related to the experimental IR and Raman bands
at 383 and 391 cm ™!, respectively. Weak contributions of this C—C! stretching mode were also determined in
the calculated vibrations at 924 and 706 cm .

8(C-Cl) in-plane bending vibration is better characterized as mode 9a, and it appears strongly
coupled with 3(C=N) bending and r(NH,) rocking modes. This (C-C/) in-plane bending mode was related to
the experimental IR and Raman bands at 237 cm™'. Also, a high % PED of the C-C/ bending is calculated in
the vibration at 135 cm™' and characterized as §(C=N).

In general, C-X out-of-plane vibrations are also coupled with the substituents, making difficult their
identification. Mode 10a appears coupled with y(NH,) mode, and it was related to the C-C/ substituent. By
polynomial scaling equation it was scaled at 176 cm™, something far of the experimental IR and Raman bands
at 216 and 220 cm ™, respectively. Perhaps the anharmonic contribution of the y(NH,) mode is responsible for
this feature. A slight contribution of the y(C-C/) mode was also identified in the computed wavenumber at 97

cem L,

CI1-C7= and C4-N9 vibrations
The C1-C7= stretching (mode 7a) is identified in the calculated vibration at 1241 cm™! (scaled at
1212 em '), in accordance to that calculated in 4ABN at 1239 cm™' [17]. It is predicted with almost null

IR intensity and medium-strong Raman intensity, and it was correlated to the shoulder detected in the IR
spectrum at 1207 cm ™! and to the strong Raman band at 1210 cm ™. The atomic displacement vectors for this
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vibration look like mode 12, instead of 7a, according to the Varsanyi description for a 1,2,4-trisubstituted
benzene derivative. Thus, for a better assignment of the modes in 4A-2CBN and to avoid possible mistakes,
their atomic displacements vectors were compared to those of the ring modes in 4ABN and plotted, Fig 6.
Similar feature appears in the C4-N9 stretching mode 13, calculated at 1351 cm ™! (scaled at 1318 cm™') with
strong IR intensity and weak-very weak Raman intensity, and good related to the experimental strong IR
band observed at 1314 cm™! and to the weak band at 1320 cm ™' in Raman. In 4ABN this mode is calculated
at 1341 cm™'. However, according to the atomic displacement vectors for this vibration in benzene molecule
it should be better characterized as mode 1 instead of 13. Figure 6 helps in its well assignment as mode 13.

The C-C= in-plane bending (mode 9b) was assigned to the computed wavenumber at 598 cm ™', close
to that calculated in 4ABN at 560 cm™'. This mode is strongly coupled with the C=N in-plane bending, with
similar % PED as in 4ABN molecule. It appears scaled at 586 cm™' in good accordance to the experimental
IR band at 580 cm ™! and Raman line at 582 cm ™.

Mode 15 corresponds to C4-N9 in-plane bending. Its characterization appears difficult due to the
strong coupling with CCC, C=N and NH, modes. It was calculated at 401 cm ™!, close to that at 384 cm ™! in
4ABN, i.e. the influence of the chlorine atom on this vibration is very less.

The highest %PED of the C-C= out-of-plane bending mode 17a appears in the computed wavenumber
at 515 cm™', and mainly assigned as y(C=N) mode. In 4ABN the y(C-C=) vibration corresponds to mode 11,
and it was calculated at 563 cm™ [17].

Mode 10b corresponds to the C4-N9 out-of-plane bending. It also appears strongly coupled with
CCC and C=N out-of-plane bending modes. It was calculated at 258 cm™', at exactly the same wavenumber
as in 4ABN, i.e. the chlorine atom has no influence on this C4-N9 out-of-plane mode.

Phenyl ring modes
C-H modes

These modes are little affected by the nature of substituents and usually appear above 3000 cm™
as weak to moderate bands [81-82]. The calculated three stretching C-H vibrations (modes 2, 20a and 20b)
appear in a very close frequency range, with the frequency corresponding to C3-H bond in the middle of
those between C5-H and C6-H bonds. The range predicted for these modes are in good accordance to our
scaled and experimental wavenumbers, Table 5. The calculated IR intensity is in general weak-very weak,
in agreement with that observed in the experimental spectrum, and with strong Raman intensity, also in
accordance to that found experimentally.

The in-plane C-H bending vibrations of the phenyl ring are expected to appear in the range 1000-
1300 cm ™! [81]. In the present study, the in-plane bending, §(C-H) mode 18b is predicted at 1150 cm™, while
mode 18a is predicted at 1036 cm™' with medium intensity, in good accordance to the experimental IR band
at 1164 cm ™! (18b) and with the band of medium Raman intensity at 1035 cm™! for 18a. The IR band detected
at 1008 cm™! can be tentatively assigned to this mode. Mode 3 is computed with high IR intensity, scaled at
1249 cm™! and well related to the very strong IR band at 1271 cm .

The out-of-plane C-H bending vibrations of the phenyl ring are expected to appear in the range
700-1000 cm ™! [81]. In the present study, three out-of-plane bending, y(C-H) modes: 17b, 11 and 5 appear
identified in the 780-975 cm™' range, also in good accordance with our scaled values, Table 5. We cannot
distinguish clearly the modes 11 and 17b by their atomic displacement vectors. In benzene and 4ABN
molecule, mode 17b appears at a higher wavenumber than 11. Thus, the same can also happen in 4A-2CBN
molecule, and therefore we can tentatively assign the calculated wavenumber at 852 cm™' as mode 17b and
that at 826 cm™' as mode 11. Modes 5 and 11 were related to the C5-H and C6-H bonds, while mode 17b to
C3-H bond. Modes 17b and 11 are predicted with medium IR intensity, in accordance to that observed in the
IR spectrum.
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C=C modes

They are calculated strongly coupled with C-H modes and in several cases coupled with C=EN
stretching and bending vibrations. The coupling with amino modes is very small. The tangential vibrations
8a, 8b, 19a, 19b and 14 belong to the stretching group. Modes 8 and 19 are in general fairly insensitive to
substitution [67-70]. In 1,2,4-trisubstitution the frequency of the 8a component is higher than that of 8b,
while the frequency of component 19b is greater than that of 19a. This feature can be explained by the
potential energy contribution of the C-H in-plane bending vibrations associated to each mode, and when it is
large the frequency of the vibration is high. Thus, this contribution is calculated greater in 8a than in 8b, with
a reduced mass of 2.2 and 6.2 amu, respectively, at B3LYP/6-31G(d,p) level and therefore mode 8a appears
at higher wavenumber than 8b.

Modes 19b and 19a were calculated at 1541 (19b) and 1471 (19a) cm ™' in 4A-2CBN vs 1525 cm ™! in
benzene molecule [ 1-2]). According to Scherer in the Varsanyi book [75] this vibration couples very strongly
with vibrational pair 18, with similar motion of the hydrogen atoms. The strong IR intensity calculated for
mode 19b is in accordance to the very strong band observed experimentally. The assignment of mode 14, the
Kekule ring stretching mode, is usually difficult because the displacement vectors of the hydrogen atoms do
not follow the directions as they appear in benzene molecule [1-2].

Radial skeletal vibrations correspond to modes 1, 12, 6a and 6b, and they appear coupled strongly
with stretching and bendings C=N modes. Mode 1 was calculated with medium-weak intensity at 924 cm™'
(scaled at 904 cm™') and was good related to the IR band observed in KBr matrix at 892 cm™'. Also it is
predicted with weak Raman intensity, in agreement to the weak Raman line at 871 cm™'. Mode 12 appears
strongly coupled with C=N and NH, bending modes and it is calculated with weak IR intensity and almost
null Raman intensity. It is scaled at 709 cm™' (721 cm™' at B3LYP/6-311++G(3df,pd) level) in accordance to
the experimental IR band at 728 cm™! and to the weak Raman band at 722 cm™'. Mode 6b was calculated at
706 cm™! in agreement with that determined in 4ABN at 664 cm™' [17].

The displacement vectors of the computed wavenumber at 462 cm™' do not permit its clear
identification. However, in 4ABN mode 6a is calculated at 419 cm™! [17], and accordingly we have assigned
the calculated vibration at 462 cm™' in 4A-2CBN to this mode. It is scaled at 452 cm™! and, therefore, it was
related to the IR band at 466 cm™! and to the Raman band at 475 cm ™.

Out-of-plane skeletal vibrations corresponding to modes 4, 16a and 16b of benzene were also
accurately determined. The frequency of the normal mode 4 is rather insensitive to substitution. Thus, it is
calculated at 711 cm™' vs. 718 cm™ in benzene molecule and 726 cm™ in 4ABN [17]. It is predicted with
almost null IR and Raman intensity, scaled at 696 cm™! and therefore it is related to the shoulder detected
at 710 cm™'. Modes 16a appears strongly coupled with out-of-plane C=N and NH, vibrations that cause a
frequency increase. Thus, it was calculated at 451 cm™! vs. 415 cm™! in 4ABN and in benzene molecule.
Mode 16b is predicted with weak IR intensity and scaled at 601 cm™!, and therefore it was excellently related
to the very weak experimental IR band at 617 cm™' and Raman line at 602 cm™'.

Amino group modes

The calculated and scaled wavenumbers using the scaling procedure mentioned above for the
different modes of the amino group are collected in Table 6, together with the experimental IR and Raman
data and the assignment including the %PED.

The NH, group involves the symmetric (vyy,,) and antisymmetric (v,gym,) N-H stretching vibrations.
These modes can be easily identified and assigned on account of their characteristic magnitudes, however
intramolecular bonding may lowers the magnitudes of these frequencies. The antisymmetric vygyp, stretching
mode of NH, group appears calculated at a higher wavenumber (3710 cm™! by B3LYP/6-31G(d,p)) than the
symmetric v one (3597 cm™!). They were scaled by the LSE at 3563 and 3455 cm ™!, respectively, and they
were related to the strong-very strong IR bands observed experimentally at 3510 and 3417 cm ', respectively.
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The difference between theoretical and experimental can be attributed to intermolecular H-bonds in the solid
state (not simulated in the present study) through this NH, group [72]. The predicted effect of the chlorine
atom on these bands is very small. Thus, in 4ABN molecule they were computed at 3703 and 3591 cm ',
respectively, only ca. 7 cm ™! lower than to those calculated in 4A-2CBN. However, in the experimental IR
bands the difference is larger, and in 4ABN [17] they were detected at 3490 (v,) and 3370 (v,) cm ' vs. 3510
(vqas) and 3417 (v,) in 4A-2CBN. This large difference, which was not predicted theoretically, can be due to
intermolecular H-bonds in the crystal through the NH, group which are stronger in 4ABN than in 4A-2CBN.
Although there are no X-ray data of this molecule available in literature, the vibrational spectra in the solid
state show that the chlorine atom in 4A-2CBN appears to reduce the strength of these H-bonds. As in other
benzene derivatives [61], it is possible that in 4A-2CBN molecule the halogen atom forms intermolecular
halogen bonds of type C-X---n (where X is a halogen atom). It is worthwhile to note that the calculated value
of the intensity of v, mode is greater than v,, in agreement with that as observed in the IR spectra.

In the experimental IR spectrum of 4A-2CBN, two close strong bands were detected at 1635 and 1582
cm ! and on the basis of %PED they are assigned to the B{(NH,) and 8a modes, respectively in consonance
with two calculated strong bands which were scaled at 1623 and 1603 cm™'. Both these modes appear to be
coupled strongly and the % PED difference between them is: 61% of B(NH,) in the band mainly assigned as
B«(NH,), and 48% in the band assigned as mode 8a. However, depending of the level of computation, this %
PED can change and, therefore, the f(NH,) mode can be assigned to a vibration at a wavenumber lower than
that of mode 8a, as it is predicted by MO6L method, Tables 3 and 4. This feature is also observed in the case
of 4ABN molecule [17].

Concerning the intensity, the scissoring mode B{(NH,) is calculated with the highest IR intensity,
in accordance with that observed experimentally, which permits its clear identification in the spectra. The
highest IR intensity computed for the B(NH,) mode is also in accordance with that calculated in the aniline
molecule [72]. However, in contrast, mode 8a appears with intensity higher than B(NH,) in the experimental
Raman spectrum. This higher Raman intensity of mode 8a than B4(NH,) was only accurately predicted by
B3LYP/6-311++G(3df,pd).

The rocking mode of (NH,) group, denoted as r (or 3,;), was scaled by B3LYP at 1064 cm™!, almost
at the same wavenumber obtained by MO6L at 1062 cm™!. In aniline molecule this mode appears strongly
coupled with the 18a ring mode [72]. However, in 4ABN and 4A-2CBN this coupling is weak, and r(NH,)
appears with a 74% PED. The chlorine atom slightly affects its wavenumber, thus it was scaled in 4ABN [17]
at 1051 cm™' (calculated at 1078 cm™), and also with very weak or null IR and Raman intensity.

It seems extremely difficult to identify the experimental band corresponding to the position of
the strongly anharmonic w(NH,) wagging vibration in the spectra of 4A-2CBN. In addition, this mode is
sensitive to the intermolecular H-bonds through the NH, group. Therefore, we have not assigned this mode
in the experimental spectra of 4A-2CBN, in agreement with previous authors [83]. However, on contrary the
experimental band at 475 cm™! (IR) and 490 cm™! (Raman) in 4ABN have been assigned to this mode [17]. It
is worthwhile to note that due to anharmonicity, mode mixing of inversion motion of hydrogen atoms of the
NH, group with other out-of-plane motions cannot be described accurately, whereas in-plane normal mode
motions can be reasonably modeled leading to lower errors .

The W(NH,) mode in 4A-2CBN is calculated as the second strongest IR intensity band by B3LYP/6-
311++G(3df,pd) and MO6L/6-31G(d,p) with a relative IR intensity ca. 90, but by B3LYP/6-31G(d,p) it is
lower with a relative IR intensity of 37, and in accordance with the experimental IR bands with weak-medium
intensity which can be observed in the 400-500 cm™' range. This mode appears in the experimental spectra of
aniline molecule and its derivatives as a very broad band with weak-medium intensity [72,84,85]. However,
in the present case it was scaled by B3LYP/6-31G(d,p) at 438 cm™' using the linear scaling equation from
the benzene molecule or at 456 cm™ using the equation from the amino group of aniline molecule [72]. The
calculated wavenumber of W(NH,) mode has little dependence on the basis set used, in accordance with
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that observed in aniline molecule [72], but in contrast to that reported by other authors [19]. But, in aniline
molecule, the value of wavenumber of this mode depends on the method used: by the B3LYP method and
6-31G(d,p) at 603 cm ™!, at 609.3 cm™' with the 6-31+G(2d,p) basis, as well as with the 6-311++G(2d,p) at
608.0 cm™! [71]. The computed wavenumber of this mode in 4A-2CBN, 436 cm ™! is lower than in aniline
molecule [72] in accordance with a lower inversion angle @ calculated in 4A-2CBN molecule. At the
B3LYP/6-311++G(3df,pd) level, the value in 4A-2CBN molecule is 31.5° (by X-ray is 34° [70]) while in
aniline molecule [71] it is 39.7°.

Because the C, symmetry of the NH, group, the t©(NH,) torsional band is not allowed by the IR
selection rules. However, in the IR and Raman spectra can be identified a torsional band. This fact, as in
the case of aniline molecule, was interpreted in Ref. [86,87] as combinations of the torsion and inversion
vibrations (transit 1<—0), which are active in IR. In 4A-2CBN it is calculated at 362 cm™!, which appears
higher than calculated in 4ABN, 352 ¢cm™, and in aniline molecule, 276 cm™. It can be explained as by
the lowering of the inversion angle in 4A-2CBN and a shortening of the C-N bond, as compared to aniline
molecule, which leads to an increment in the barrier height and hence to the wavenumber of the torsional
mode. It is predicted with weak IR intensity at 368 cm™' in accordance to the weak experimental IR band at
350 cm™'. In 4ABN it has been assigned [17] to the experimental IR band at 330 cm™.

Vibrations of Nitrile (C=N) group

The characteristic experimental wavenumber of C=N stretching vibrations of BNs falls ca. 2200-2300
em™! [80,88,89] with IR intensity which varies from medium-weak to strong depending on the substituents.
However, as the geometry of the cyano group is not affected significantly by new substituents on the phenyl
ring, therefore, their vibrational wavenumbers remain almost unchanged from the BN molecule [25,26]. In
BN, v(C=N) appears at 2230 cm™'. Electron donating substituents, such as —~NH,, increase the IR intensity
of v(C=N) and decrease its frequency value, whereas the electron withdrawing groups(-F, -OH, and —Cl, )
decrease the IR band intensity of v(C=N) and increase its frequency to the higher limit of the characteristic
spectral region [34,77,90-92].

In 4A-2CBN, the v(C=N) stretching mode is highly localized on the C=N bond with a Potential
Energy Distribution (PED) of 91%. It is slightly coupled with C1-C7 stretching to the extent of ca. 10%. It is
calculated by all the methods with medium-strong IR intensity and very strong Raman intensity, the highest
in the spectra. These results are in good agreement with the very strong experimental band observed at 2235
cm ! in IR and at 2237 cm™! in Raman spectra, and with the values obtained in other BNs [34]. The FTIR
band intensity is slightly decreased by the electron withdrawing group (—C/), while the Raman intensity is
enhanced by the conjugation of the aromatic ring.

In the scaled bands at 713, 696, 593 cm™', and also in many bands below 500 cm™ are determined
contributions of the bending in-plane mode. However, the main contribution for the 3(C=N) mode is observed
in the calculated band at 135 cm™' with very weak IR intensity, and strongly coupled with C-C/ and ring
bending vibrations. Due to this coupling, especially with the chlorine atom, this mode is calculated in 4A-
2CBN at a lower wavenumber than in 4ABN molecule, 154 cm ™.

The out-of-plane modes are identified in the calculated bands at 614, 451, 258 and 97 cm™!, but the
main contribution for the y(C=N) mode is observed in the calculated band at 515 cm™'. This mode also appears
strongly coupled with CC ring vibrations, and it is predicted with weak IR intensity and very weak Raman
intensity in accordance with the experimental IR and Raman bands at 500 and 520 cm !, respectively.

Due to the linearity of the C-C=N bond, 179.9° by B3LYP/6-31G(d,p), sometimes the in-plane and
out-of-plane bending vibrations appear calculated in reverse form, as in the present case with 4A-2CBN.
Thus, 8(C=N) appears characterized at 135 cm ™! instead of at 515 cm™, y(C=N), and vice-versa. In other BN
derivatives with other DFT methods, they are characterized in the right way. e.g. in 2,5-dichorobenzonitrile
[56] they are calculated at 621 cm™!, 8(C=N) and at 138 cm™!, y(C=N).



The accuracy of the MO6L DFT method in the prediction of the vibrational Spectra of... 221

Combination bands

Several experimental Raman bands observed in the spectrum are far of the spectral range
of the different ring modes and substituents modes. Thus, they can be assigned as combination bands:
1178+391=1569 m, 871+391=1262 m, and 780+475=1255 w.

4.4 Other molecular properties

The values of the NBO atomic charges determined with the DFT and MP2 methods are listed in
Table 2. For comparison purposes the calculated values in benzonitrile molecule are also included in the
same Table. Some differences were observed between them. It is noted that the negative charge is mainly
localized on the N9 atom, which produces the largest positive charge on the C4 atom. The chlorine atom has
a very small positive charge. Thus, its effect on the BN structure is small, with a slight decrease in the positive
charge on C7, and null effect on =N atom.

The NBO atomic charges calculated by MO6L method are in general larger than those calculated by
B3LYP, but they are slightly lower than those calculated by MP2. The positive charge calculated by MO6L on
the chlorine atom is also larger than that calculated by B3LYP and MP2.

Thermodynamic parameters of 4A-2CBN were calculated and collected in Table 8. For an
improvement in the determination of the Zero-Point Vibration Energies (ZPVE) and the entropy, S;,(T), the
use of specific scale factors have been recommended [1-2], leading to the results shown in this Table. The
translational, rotational and vibrational components are used to compute the entropy and free energy. The
calculated values of the entropy by the three DFT methods appear very close and higher than those determined
in BN molecule. These values of entropy indicate that as the temperature increases, the randomness of the
molecules increases, i.e. the molecules will be distributed into a greater number of energy levels. At low
temperatures, the translational energy levels contribute strongly to the behavior of entropy. Therefore,
rotational and vibrational populations are distributed in a few low energy levels. At high temperatures, the
vibrational population will be distributed in a larger number of vibrational levels, contributing to increase of
entropy.

Table 8. Theoretical computed total energies and Gibbs Free energy (A.U.), rotational constants (GHz), entropies
(cal-mol™-K™") and dipole moments (Debyes) at the B3LYP, MO6L and MP2 levels in 4A-2CBN and BN molecules.

4A-2CBN BN
B3LYP/ B3LYP/ MO6L/ MP2/ B3LYP/ MP2/
6-311++G
Parameters 6-31G(d,p)  (3dfpd) 6-31G(d,p) 6-31G(d,p)  6-31G(d,p) 6-31G(d,p)
Total energy + ZPE (AU) 0.346060°  0.502477°  0.288270*  0.633023° 0.400771°¢ 0.412258¢
Gibbs Free energy (AU) 0.380057*  0.536457°  0.322230°  0.667270° 0.431048°
Rotational constants (GHz) 1.87 1.89 1.9 1.89 5.65 5.65
0.88 0.89 0.89 0.88 1.54 1.53
0.6 0.61 0.61 0.6 1.21 1.21
Entropy (cal'mol’-K™")
Total 92.02 91.96 91.84 93.12 78.56 79.44
Translational 40.97 40.97 40.97 40.97 39.8 39.81
Rotational 30.16 30.13 30.13 30.15 27.8 27.82
Vibrational 20.9 20.86 20.74 22.01 10.9 11.81
Dipole moments (Debyes) 7.55 7.51 7.74 7.37 4.55 5

2_839. Y_837. ©-324. 9-323.
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A huge change is observed in the rotational constants. They were calculated very small as compared
to BN. In the isolated state, by B3LYP they appear very close to those by MP2 and MO6L methods.

The calculated dipole moment, Table 8, by MO6L appears slightly higher than that calculated by
MP2 and B3LYP, although the difference is small. The chlorine atom in 4A-2CBN has a little influence on the
dipole moment of the molecule. Thus, the calculated value in 4-aminobenzonitrile is 6.53D by MP2 vs. 7.37
D in 4A-2CBN. The position in which the chlorine atom is bonded does not produce a remarkable change in
the dipole moment, as compared to BN, but the effect of the NH, group is higher.

4.5MEP mapping

The other molecular properties like SCF energy, dipole moment, non-linear optical properties,
HOMO-LUMO analysis and MEP mapping for the 4A-2CBN have been computed at B3LYP/6-311G(d,p)
level of theory.

~6.42¢- ) EEEE——— I 4 2

Fig 7. MEP diagram for the 4-amino-2-chlorobenzonitrile molecule

The molecular electrostatic potential (MEP) mapping have been used for understanding and predicting
the sites of reactivity for electrophilic and nucleophilic reactions, investigation of biological recognition,
hydrogen bonding interactions and other macroscopic properties [93]. The sign of the electrostatic potential
in any particular site around a molecule that depends upon whether the effects of the nuclei or electrons
are dominant is a key to assign its reactivity there [94]. The MEP surface is a plot of electrostatic potential
mapped on to the constant electron density surface that represents the electrostatic potential in terms of colour
coding [95,96], Fig 7. The surfaces with blue, green and red colours indicate the positive, zero and negative
values of the potential, respectively. The red colour surfaces with negative MEP represent high electron
density, whereas the blue colour surfaces with positive MEP correspond to areas of lowest electron density.
MEP map for the 4A-2CBN is shown in Fig 7 with colour range from —6.42¢ —2 (deepest red) to +6.42¢
—2 (deepest blue). The surface over the hydrogen atom of NH, group shows maximum potential regions
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(dark blue coloured/ low electron density) as well as the relatively lower potential sites (light blue coloured)
are around the other hydrogen atoms. The surface over the electronegative atom nitrogen (N7) represents
the minimum potential (dark red coloured/ high electron density). The blue and red colour regions can be
referred to as the site for nucleophilic and electrophilic attack, respectively. Thus, electrophiles (positively
charged species) and nucleophiles (negatively charged species) will attack on the red and blue coloured sites,
respectively. The regions over the ring and chlorine atom are neutral as characterized by green colour.

4.6 HOMO-LUMO analysis

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
are main Molecular Orbitals that play important role in chemical reactions. The HOMO acts as an electron
donor while LUMO acts as electron acceptor, and for 4A-2CBN molecule they are plotted in Fig 8. The
energy gap between the HOMO and LUMO molecular orbitals helps to determine the chemical stability and
electrical transport properties of molecules. The lowest excitation energy corresponds to HOMO-LUMO
transition under TD-DFT approach which approximates the gap accurately. This gap was computed at TD-
B3LYP/6-31G(d,p) level of theory. The low value of gap represents the high reactivity of the molecule in
chemical reactions. The HOMO is delocalized over the all atoms and bonds C=N, C1-C2, C1-C6, C3-C4,
C4-C5, C3-H, C5-H, N-H13 and N-H14 except on H11 atom, while, the LUMO is delocalized over the bonds
C2-C3, C1-C6, C5-C6, C6-H, C5-H, N-H13, N-H14 and over all atoms except H18. Thus, HOMO-LUMO
excitation shows the charge transfer that can be seen in Fig 8. The low value of the energy gap explains the
eventual charge transfer interactions taking place within the molecule. The SCF energy, dipole moment,
HOMO, LUMO energy eigenvalues and energy gap computed at B3LYP/6-31G(d,p) level of theory are
presented in Table 9.

Fig 8. HOMO and LUMO plots for the 4-amino-2-chlorobenzonitrile.
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Table 9. The SCF energy, HOMO, LUMO energy eigenvalues and HOMO-LUMO energy gap for
the 4A-2CBN at the B3LYP/6-311G(d,p) level.

Energies value

SCF energy (a.u.) —839.452254
LUMO energy (eV) -1.10
HOMO energy (eV) —6.24
HOMO-LUMO gap (eV) 5.14
4.68"

*approximated by using TD-B3LYP/6-31G(d,p) calculation

4.7 NLO properties

DFT calculations play an important role in designing the non-linear optical molecules. The molecules
having the larger hyperpolarizability value show a strong NLO potential and can be used in fabrication of
many optical devices. The molecules having donor-acceptor group attached to an aromatic ring increases
the charge transfer through p-electron delocalization and give raise the hyperpolarizability values [97]. The
polarizability, first order hyperpolarizability values and mean first order hyperpolarizability of the 4A-2CBN
molecule were computed at B3LYP/6-31G(d,p) level of theory and they are presented in Table 10. The mean
first hyperpolarizability of 4A-2CBN is 4.127x107" esu, which is 11 times greater than those of urea (for
urea P is 0.3728x107" esu) [93]. Thus, the high value of dipole moment and first order hyperpolarizability
are representing the NLO potential of 4A-2CBN molecule.

Table 10. Calculated components of polarizability (a.u.), first order hyperpolarizability (a.u.),
mean polarizability <> (a.u.), anisotropy of the polarizability y (a.u.) and the mean first order
hyperpolarizability By (esu, 1 a.u. = 8.639x107> esu) of 4A-2CBN.

B3LYP/6-31G(d,p) B3LYP/-31G(d,p)
Oy 149.02 Brax —458.69
Oyy 7.56 By -283.47
Oy 101.29 By 73.63
ay, -1.80 Byyy -3.90
oy, —0.44 Bxz 42.70
a,, 34.65 By 11.82
> 94.99 Byyz 6.46
Y 100.40 Bxzz 4.61
By 2.72
Bz 0.50
By (esu) - 10730 4.13

5 Summary and Conclusions

In this paper, we attempted to provide a more comprehensive structural and vibrational study
of 4A-2CBN by combining both theoretical and experimental data for the first time. Quantum chemical
calculations were done to support the experimental results. Two conformations were computed in 4A-2CBN,
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with the -NH, group in planar form being a saddle point. The most important findings of the present work
are the following:

(1) From the point of view of accuracy of the method, the equilibrium geometry calculated by the new
MO6L method in 4A-2CBN was compared with those obtained by B3LYP and MP2. In the calculated
C-C bond lengths, MO6L appears with the same accuracy as that by B3LYP, however at least by B3LYP
with the 6-31G(d,p) basis set used, the C=N and C-CI bond lengths are computed worse.

(2) To improve the accuracy in the assignment of the calculated wavenumbers in the 4A-2CBN molecule,
three different scaling equations procedures have been used. The best procedure of scaling is which
uses a polynomial equation, although the difference is small as compared to the other two procedures,
by the LSE and by the two linear scaling equations. Low errors were in general obtained in the scaled
values.

(3) For the first time the polynomial scaling equation, y =a + b;x + b, x> procedure has been presented
and used in the 4A-2CBN molecule. Its accuracy has been determined.

(4) The MOOL scaled wavenumbers appear in general with slightly lower accuracy than by B3LYP method

(5) The calculated linear scaling equation by MO6L with the benzene molecule leads to worse correlation
coefficient r than by B3LYP. However, the relative IR and Raman intensities predicted by the three DFT
methods are very similar. In general, the bands calculated by MO6L appear shifted to higher wavenumbers
related to those calculated by B3LYP and with larger errors as compared to the experimental results. Thus
worse scaled wavenumbers are obtained with the MO6L method, and therefore it is not recommended
for its use, at least with the 6-31G(d,p) basis set. Further calculations with other molecules and basis
set are required to confirm this feature.

(6) The IR spectra of 4A-2CBN, in KBr matrix and in Nujol and as well its Raman spectrum in the solid
state, were recorded and the bands observed were assigned accurately for the first time.

(7) The assignments of the observed IR and Raman bands find support from related molecules and are
consistent with the established ranges of the vibrations of the different modes. Therefore, they seem to
be the most accurate today.

(8) The main effect of the chlorine atom on the BN structure is a slight shortening of the C4-N and C/-C=
bond lengths. Also it withdraws negative charge on the bonded atom C2. As a consequence, a small
shortening of C2-C3 and C5-C6 bond lengths is observed as compared to BN, and a lengthening of
C1-C2, and angles slightly out of the regular hexagonal structure.

(9) As compared to MP2, the NBO atomic charges calculated by MO6L are in general slightly better than
those obtained by B3LYP. DFT methods appear to fail in the calculated charges on C4, C6 and N9
atoms.

(10) The quinonoid structure of the BN molecule remains in 4A-2CBN, although its symmetry appears
slightly modified by the chlorine atom.

(11) In general C=C modes appear strongly coupled with C-H and C=N modes, while the amino modes
appear as almost pure modes with very small coupling with other modes.

(12) The size, shape, charge density distribution and structure activity relationship of the 4A-2CBN molecule
were obtained by mapping electrostatic potential surface on the electron density isosurface. HOMO-
LUMO energy was also computed. The high value of dipole moment and first order hyperpolarizability
represent the NLO potential of 4A-2CBN molecule.
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