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Conjugated molecular chains have the potential to act as "“molecular wires” that can be employed in

a variety of technologies, including catalysis, molecular electronics, and quantum information
technologies. Their successful application relies on a detailed understanding of the factors governing the
electronic energy landscape and the dynamics of electrons in such molecules. We can gain insights into
the energetics and dynamics of charges in conjugated molecules using time-resolved infrared (TRIR)
detection combined with pulse radiolysis. Nitrile »(C=N) bands can act as IR probes for charges, based
on IR frequency shifts, because of their exquisite sensitivity to the degree of electron delocalization and
induced electric field. Here, we show that the IR intensity and linewidth can also provide unique and
complementary information on the nature of charges. Quantifications of IR intensity and linewidth in
a series of nitrile-functionalized oligophenylenes reveal that the C=N vibration is coupled to the nuclear
and electronic structural changes, which become more prominent when an excess charge is present.
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revealed by X-ray crystallography. Using these, we demonstrate that C=N vibrations can report charge
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Introduction

Spatial delocalization of spin-charges is a critical factor in
controlling their energies and dynamics. Inter- and intra-
molecular charge delocalization, and its effect on electron
transfer reactions in simple w-conjugated molecules and
assemblies, is widely studied because of its importance in the
performance of organic electronics* and quantum information
science.?

Vibrational spectroscopy provides a superb sensitivity to the
local molecular and surrounding environment.** In particular,
time-resolved infrared (TRIR) spectroscopy, including

“Department of Physical Sciences, Eastern New Mexico University, Portales, NM 88130,
USA

*Department of Chemistry, University of Connecticut, Storrs, CT 06269-3060, USA.
E-mail: tomoyasu. mani@uconn.edu

“Chemistry Division, Brookhaven National Laboratory, Upton, NY 11973-5000, USA
“Rigaku Americas Corporation, 9009 New Trails Drive, The Woodlands, TX 77381, USA
T Electronic supplementary information (ESI) available: Synthetic details,
characterization of new compounds, details of X-ray crystallographic data,
Scheme S1, Fig. S1-S6, Tables S1-S3, additional references, and NMR spectra.
CCDC 209702 and 209703. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/d1sc03455¢

© 2021 The Author(s). Published by the Royal Society of Chemistry

angles. This happens only when a charge has room to fluctuate in space.

multidimensional analogs, has become a powerful technique
for interrogating the properties of charges and excited states of
molecules in the condensed phase.”” Among the vibrational
signatures, the IR absorptions of well-defined nitrile (C=N) and
carbonyl (C=0) groups in neutral molecules are widely adopted
as an IR probe, largely based on the vibrational Stark effect
(VSE),>* to quantitatively measure electric fields in a variety of
systems," ™ in order to determine structure—function relation-
ships. Most IR probes (or sensors) take advantage of the local-
ized nature of IR absorption and the IR frequency shifts that
occur in response to the parameters of interest (e.g., structural
changes, solvation, and other noncovalent interactions
surrounding the localized probes).

Nitrile vibrations have proved to be an excellent IR probe to
study excess electrons (i.e., radical anions) in nitrile-substituted
molecules, since their frequencies exhibit exquisite sensitivity
to the degree of electron localization,'** as well as to the
induced electric field through the VSE.’*"” Using the powerful
technique of pulse radiolysis*® coupled with TRIR spectroscopy
(PR-TRIR),*** which enables the rapid generation and IR
detection of radical anions free from the effects of ion pairing
(even in low polarity solvents), some of the authors have
exploited »(C=N) IR shifts to study the nature of charges in
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radical anions, such as intermolecular delocalization,’ the
effect of electron push-pulling,** and in photogenerated charge
separated states.*

While frequency shifts are often used as a parameter of the
aforementioned IR probes for both neutrals and charged
species, there are two other quantifiable parameters of an IR
absorption band: extinction coefficient (¢) and linewidth, often
measured by the full-width at half-maximum (FWHM).

The combination of the two roughly provides the integrated
intensity. Early studies by Juchnovski and co-workers exten-
sively examined neutral nitrile-functionalized molecules,
elucidating a correlation of IR frequencies and integrated
intensities with Hammett-type substituent constants.**>* While
their results showed that the integrated intensities could be
more sensitive to structural changes than the frequencies alone,
the extinction coefficients and linewidths often receive less
attention.

Mid-IR bands are generally quite weak, and those with ¢ >
200 M~' cm™' are typically considered to be very strong.
However, there are special cases where intensified IR bands are
observed. For example, metal complexes with polar groups such
as C=0, in which metal coordination increases the dipole
moment, exhibit »(C=O0) bands 1-3 X
10* M~' em™'.2%% Intense IR bands are also observed for the
charges in conjugated polymer films, and in mixed-valence
coordination complexes,” often being referred to as vibra-
tional absorption by “IR active” molecular vibrations (IRAV).
While the IRAV bands in polymer films have rarely been
quantified, one of us previously showed that the extinction
coefficients of C=C and C-H vibrations reach up to 5 X
10* M~ em ™" in radical anions and cations of oligo- and pol-
yfluorenes.* Similar huge IR bands were observed in porphyrin
oligomer radical cations.* The origin of these IR enhancements
is attributed to two processes: coupling between charge distri-
bution and vibrational motion (large dipole derivatives), or
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mixing between low-lying electronic and vibrational transi-
tions.** Such significant enhancements were not previously re-
ported for C=N vibrations, and it is not clear if the absorption
of a “localized” C=N vibration can be similarly enhanced in
charged species. The other parameter, linewidth, is also rarely
quantified. However, our previous work" suggested that IR
linewidth may be sensitive to nuclear and accompanying elec-
tronic fluctuations present in molecules, specifically the
motions of flexible dihedral angles.

Both the IR amplification mechanisms and a possible IR
linewidth response to nuclear motion mean that vibrational
and electronic dynamics are intimately related. A growing body
of evidence also shows that one can perturb the pathways and
efficiency of charge transfer reactions by selective excitation of
vibrational modes with IR light.**** However, we require a more
detailed understanding of such interactions to be able to
modulate them synthetically so that we can control chemical
reactions through vibrational perturbation.®®

Here, we have measured the extinction coefficients and
linewidths of the »(C=N) band of the radical anions and
neutral forms of a series of nitrile-functionalized oligophe-
nylenes (Chart 1). While the »(C=N) band is still a “localized”
vibration, the data on IR linewidths and intensities show that
the C=N vibration is coupled to the nuclear and electronic
structural changes. This coupling is more prominent in the
charged species and is reflected by changes in the IR inten-
sities and linewidths. We observed a clear enhancement of
v(C=N) absorption, with one of them exhibiting the most
intense »(C=N) band reported to date. Ladder-type oligomers
and polymers contain backbones that consist of fused rings
with adjacent rings having two or more atoms in common.*’
Using nitrile-functionalized ladder-type oligophenylenes, we
have unambiguously demonstrated that the nitrile vibration's
linewidth can report on nuclear and electronic fluctuations
associated with the movement of flexible dihedral angles only

HCXO < >—:~ 6CB
Pent—@@@—:i« 5CT
Hex Hex
Hex Hex
Hex Hex Hex Hex

Hex Hex a

Chart 1 Molecular structures of nitrile-functionalized aryl compounds used in this work. ®The abbreviated names are listed next to the
molecules and are used throughout the paper. Bonds with flexible dihedral angles are coloured red.
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when a charge has room to move in space. The present find-
ings support the picture that charges in conjugated chains are
dynamic, undergoing changes of charge density driven by
molecular vibrations.**** Our work also sets up the founda-
tion to use linewidth and intensity information, in addition to
the IR frequency shifts, as parameters of IR probes for
charges.

Experimental
General information

All solvents and reagents used were obtained from standard
commercial sources and used as received unless otherwise
noted. Silica gel (Sigma-Aldrich, pore size 60 A, 70-230 mesh)
was used for column chromatography. FTIR spectra were
recorded on a Thermo Nicolet Nexus 670 FTIR spectrometer at
Brookhaven National Laboratory (BNL) or a JASCO FT/IR-6100 at
the University of Connecticut (UConn) using a cell equipped
with CaF, windows. 'H and "*C NMR spectra were recorded with
a Bruker Avance III spectrometer operating at 400.16 and 100.62
MHz, respectively at BNL and UConn or with a Bruker Avance
spectrometer operating at 300.14 and 75.47 MHz at UConn.

Molecular synthesis

The synthesis and characterization of F;CN, F,CN, and F;CN are
reported previously."*'® 4-Cyano-4’-hexylbiphenyl (6CB) and 4-
cyano-4'-pentylterphenyl (5CT) were purchased from a commer-
cially available source and used without further purification. The
synthetic schemes of mono nitrile-functionalized ladder-type
oligophenylenes (L3PCN, L4PCN, and (L3P),CN) are shown in
Scheme S1.7 In short, we used Pd-catalyzed reactions to construct
ladder-type oligophenylenes.**>* While tandem reactions did not
proceed to completion, as previously pointed out,">* individual
Suzuki-Miyaura couplings and the ring closures were successful.
Following mono-bromination of oligophenylenes, we performed
the Rosenmund-von Braun reaction to convert aryl bromide to
afford the corresponding aryl nitrile with decent yields. The
detailed procedures and characterizations of new compounds are
described in ESL

Electrochemistry

Cyclic voltammetry (CV) measurements were conducted with
a 600E Electrochemical Analyzer/Workstation (CH Instruments)
in a standard three-electrode cell consisting of a 3 mm glassy
carbon disk working electrode, a platinum wire counter elec-
trode, and a pseudo Ag reference electrode in dimethylforma-
mide (DMF) solution with 0.1 M tetrabutylammonium
hexafluorophosphate (TBA'PF,~) electrolyte. Data were pro-
cessed and analyzed using CHI600e Software. Potentials are
reported vs. Fc'°, with ferrocene being added before the
measurements. We assume in this work that the half wave-
potentials (E,,,) we measure by CV are good approximations
of the formal reduction potentials (E°).**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Pulse radiolysis

Pulse radiolysis experiments were performed at the Laser Elec-
tron Accelerator Facility (LEAF) at BNL. For UV-vis-NIR transient
absorption detection, the experiments were performed as
described before," using a quartz cell with a pathlength of
0.5 cm. Extinction coefficients are determined relative to the
absorption band of biphenyl radical anion in THF (¢ =
12500 M~ " cm ™! at 630 nm).*> For TRIR detection, a detailed
description of the experimental setup is given elsewhere.”® A
home-built, airtight IR solution flow cell was used (1.10 mm
pathlength), with 0.35 mm thick CaF, windows. A continuous
wave external-cavity quantum cascade laser (Model 21047-MHF,
Daylight Solutions, Inc.) was used as the IR probe source. The
time resolution is limited to ~40 ns in the current setup.
Samples were dissolved in either DMF or tetrahydrofuran
(THF), with a molecular concentration of 2.5-20 mM, and
purged with argon. In some TRIR measurements, we observed
baseline absorptions that amount to ~10% of the peak
absorptions. These baseline absorptions were subtracted from
the reported spectra of the anions. The source of these
absorptions might be the solvents or minor products of solutes
after radiolysis.

X-ray crystallography

Data collections on colorless crystals of L3P and L3PCN were
first undertaken by securing single crystals of both having
dimensions of 0.12 x 0.10 x 0.07 mm and 0.02 x 0.01 x 0.01
mm, respectively to Mitegen mounts using Paratone oil. Crys-
tals of L3P had their data collected using a Synergy-S single
crystal X-ray diffractometer equipped with a HyPix-6000HE
hybrid photon counting (HPC) detector. Lastly, single crystals
of L3PCN had their data collected using a Rigaku Oxford
Diffraction Synergy Custom single crystal X-ray diffractometer
equipped with a HyPix-6000HE HPC detector. Reflection data
for all crystals were collected at 100 K using microfocused Cu
K, radiation (=1.54184 A). Data collection strategies to ensure
completeness and desired redundancy were determined using
CrysAlis®™.% Data processing for all samples was done using
CrysAlis*™ and included a numerical absorption correction on
L3P and a multi-scan absorption correction on L3PCN applied
using the SCALE3 ABSPACK scaling algorithm.*” All structures
were solved via intrinsic phasing methods using ShelXT** and
subjected to a least-squares refinement with ShelXL* within the
Olex2 graphical user interface.> The final structural refinement
included anisotropic temperature factors on all constituent
non-hydrogen atoms. Hydrogen atoms were attached via the
riding model at calculated positions using suitable HFIX
commands. Space groups were verified by PLATON.*

Computations

Computations were carried out with Gaussian 16.°> The geom-
etries were optimized with the LC-wPBE*™ functional in
density functional theory (DFT) calculations. We used w = 0.1
bohr™'. The 6-31G(d) basis set was used. All calculations on
radical anions were spin-unrestricted. All hexyl groups in the
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fluorene moiety were replaced by ethyl groups. The geometry
optimizations were performed without symmetry constraints.
Frequency calculations were performed at the optimized
geometries without anharmonicity corrections unless otherwise
noted. Reported frequencies are not scaled.

Results
Nitrile vibrations

The nitrile »(C=N) bands of the neutral species are observed in
the characteristic region of 2220-2230 cm™ " in THF with varying
¢ and FWHM (Table 1). A similar trend was observed in DMF, as
shown in Table S1.f The FTIR spectra in THF are reported in
Fig. S1.f The frequencies of the neutrals (Vpeurral) are only
slightly affected by the structure of the molecule: the m-ring
extension moves vpeuea to lower frequencies (Fig. S1t), likely
due to the increase in electron donating capability. As a general
trend, we observe a sharper and more intense band in the
neutral species when we elongate conjugation and remove
flexible dihedral angles (Table 1 and Fig. 1a). Amazingly, among
the series of neutrals, the y(C=N) extinction coefficient reaches
a high of ~720 M~" em ™" for (L3P),CN. This is one of the most
intense y(C=N) vibrations of any neutral nitrile-substituted
species,> and it is even comparable to that of the radical
anion of PhCN (~770 M™* em ™). Upon reduction using pulse
radiolysis, we observed nitrile »(C=N) bands that were shifted
to lower frequencies in a similar manner to that observed
previously.>'>?*?* The radical anions discussed here are free
from ion pairing with counter ions that are known to induce
significant shifts because of the Stark effect.'****” The extinction
coefficients of the »(C=N) stretches of the radical anions were
determined from the relative intensities of the radical anion
band and the negative neutral bleach band in the TRIR spectra,
using the measured extinction coefficient of the neutral species.
Smaller bleach peaks make the uncertainty (~20%) larger in the
determination of extinction coefficients for the radical anions
compared to those for the neutral species. ¢ of y(C=N) of the
radical anion of (L3P),CN reaches ~10* M~ em ™', which is
more than ten times larger than that of the neutral species
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Fig. 1 Extinction coefficients of (a) neutral species and (b) radical
anions in THF.

(Fig. 1b). To the best of our knowledge, this is the strongest
nitrile absorption band measured to date.

The FWHMSs, ie., linewidths, of the y(C=N) bands were
taken from peak fits of the bands to a Voigt function. IR shifts,
Ay(C=N), are defined as Vanjon — Vneutral- The linewidths of v,pion

Table 1 Observed »(C=N) of neutral and anionic forms of mononitrile-functionalized aryl compounds in THF

Neutral Anion
Number of Number of FWHM® ¢
Name phenyl rings  dihedral angles v (ecm™) (ecm™) M 7'em™)  v(em™') FWHM" (em™) &M 'em ') A¥ (em™Y)
PhCN 1 0 2229 6.5 190 2077 10.8 770 —152
6CB 2 1 2227 5.6 280 2114 11.7 1570 —113
F,CN 2 0 2224 5.0 410 2110 12.1 1640 —-114
5CT 3 2 2227 6.2 280 2132 14.9 5050 -95.9
L3PCN 3 0 2223 4.8 540 2126 15.3 5260 —-96.7
F,CN 4 1 2224 4.9 490 2138 24.1 5440 —86.0
L4PCN 4 0 2223 4.8 620 2136 19.4 9460 —87.2
F;CN 6 2 2224 5.1 580 2143 27.0 8410 —81.0
(L3P),CN 6 1 2223 4.8 720 2140 23.7 9950 —83.0

“ FWHM = full width at half maximum. The values reported here are obtained from fits of the bands to a Voigt function. * Uncertainties are +20%.

c
AV = Vanion — Vneutral-
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Table 2 Reduction potentials and Arv of mononitrile-functionalized
aryl compounds in DMF*

ED/

Name (V vs. Fc'’”) Av® (em™)
PhCN —2.83¢ —154.9
F,CN —2.50 —121.8
L3PCN —2.43 —106.0
F,CN —2.38 —-97.4
L4PCN —2.40 —98.1
F;CN —2.36 —93.6
(L3P),CN ~2.38 —96.2

@ Measured with 0.1 M TBA'PF, . Uncertainties are +0.01 V. * Ay =
Vanion — Vneutral- They are experimentally determined values. ¢ Value
taken from ref. 58. Measured in acetonitrile with 0.1 M TBA'BF,  and
converted to Fc'’® using 0.403 V vs. SCE.*

are generally larger than those of v,euera. The experimental IR
data for the neutral and radical anionic species in THF are re-
ported in Table 1, along with the structural information. Due to
the larger background noise in the neutral regions of the
¥(C=N) band, we did not determine the extinction coefficients
in DMF and therefore only Ay(C=N) values are reported in
Table 2 and the frequencies and FWHMSs are reported in Table
S1 (ESIY).

Reduction potentials

We measured the reduction potentials of the molecules in DMF
(0.1 M TBA'PF ) by cyclic voltammetry (see Table 2).

The nitrile-functionalized oligophenylenes exhibit less
negative reduction potentials for the first reduction compared
to their corresponding non-functionalized counterparts
because of the electron accepting nature of the nitrile functional

group.

Crystal structures

We obtained the X-ray crystal structures of L3P and L3PCN. The
structures clearly show the planarity of the m-conjugated plane
(see Fig. 2 for L3PCN). In crystal packings, the hexyl chains
prevent the aromatic cores from m-stacking. The packing of L3P
is similar to that reported earlier.®® More details of the crystal
structures are discussed in ESI Section B.}

Computational study

We performed DFT calculations to computationally investigate
the »(C=N) frequencies and IR intensities for our series of
nitrile-functionalized aryl compounds. The values at geometry
optimized structures and other select geometries are reported
in Table S2 (ESIt). We used a long-range corrected functional
LC-wPBE (w = 0.1 bohr™ "), which was shown to reproduce the
electronic properties of oligofluorenes and their deriva-
tives."*% The computational study qualitatively predicts
general trends of V,eytral, Yanion, and Av as well as the IR inten-
sities of radical anions. While the current set of calculations
with the limited number of conformations could not provide
quantitative data on the linewidth to compare with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Anisotropic displacement ellipsoid plots of L3PCN with ellip-
soids set to the 50% probability level. Hydrogen atoms have been
removed for the sake of clarity.

experimental data, they can still provide useful insights into the
relations between nuclear and electronic structures.

Discussion

We will describe the molecular systems through IR information,
complemented by other more “conventional” measures. By
doing so, we aim to (1) highlight how vibrations can illuminate
subtle but critical information on the molecular systems, and
(2) show the intimate relations between vibrational and elec-
tronic dynamics. While the primary focus is on radical anions,
we will also discuss neutral species.

IR shifts

IR frequency is the most easily quantifiable parameter, espe-
cially for IR probes that are usually spectrally distinct. We
previously showed that IR shifts, Ay(C=N), can be a good
measure of the delocalization of excess electrons in nitrile-
functionalized molecules, ie., a less negative Av indicates
a more delocalized charge." Those measured in THF and DMF
here indicate that an electron becomes more localized in
ladder-type oligophenylenes compared to non-ladder-types
when they have the same number of phenyl rings (e.g., LAPCN
vs. F,CN, Tables 1 and 2). We had expected the opposite trend
because of the increase in planarity of the aromatic rings in the
ladder-type systems, as indicated by the crystal structure
(Fig. 2). While we could not obtain the crystal structures of
L4PCN and (L3P),CN, we expect that they also exhibit a similar
planarity.

Another more conventional measure of electron delocaliza-
tion is the reduction potential; in a series of homologous
molecules, a more negative reduction potential indicates more
localized electrons.®* The reduction potentials of the ladder-type
oligophenylenes are slightly more negative than those of the
oligofluorenes; e.g., a 20 mV difference between L4PCN and
F,CN and between (L3P),CN and F;CN. This counter-intuitive
observation agrees with the IR shifts data. The reduction
potential data can be rationalized based on the positional
entropy that arises because the charge can reside in various

Chem. Sci., 2021, 12, 12107-1217 | 121M
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positions, proposed by Miller and co-workers.®> The positional
entropy increases with physical length beyond the delocaliza-
tion length due to the possible occupation sites of the charge.
Our previous study found that the delocalization of an electron
is close to the physical size of F,CN, but its distribution is
heavily skewed toward the nitrile.* This means that an electron
has room to move in the nitrile-functionalized polyphenylenes
when the number of phenyl rings is =4. Our results indicate
that the positional entropies are larger in F,CN and F;CN
compared to their ladder-type analogues. We therefore argue
that the source of the increased positional entropy is related to
simple movements of dihedral angles (¢). We will further
support this notion in the IR data presented below.

IR linewidths

The linewidth of the IR absorption band is influenced broadly
by two mechanisms; one is a dynamic process intrinsic to the
molecular system, termed homogeneous broadening, and the
other is due to static effects, termed inhomogeneous broad-
ening or an ensemble averaging effect.

Neutrals. The linewidths of the neutral species increase in
polar DMF by about 20% compared to in THF, in agreement
with previous studies.'>*"*-%* Such a solvent-dependent broad-
ening can be explained by both homogeneous and inhomoge-
neous broadening. Faster vibrational relaxation occurs in polar
solvents,** and we expect to have a more heterogeneous
environment for the nitrile bond through various solute-solvent
interactions in polar solvents.* These both result in line
broadening. While we cannot make quantitative arguments on
solvent dependence without the relaxation time constants,
inhomogeneous broadening is likely a more dominant
contributor as the pure dephasing time gives an intrinsic line-
width of ~5-6 cm™" for aromatic nitriles in DMF.” Assuming
that the vibrational relaxation processes are similar among the
series in the same solvent, linewidth broadening observed for
the shorter molecules in their neutral forms is a homogenous
broadening, stemming from the decrease in rotational corre-
lation time as the molecules become smaller. This is supported
by the observation that the Lorentzian linewidth of the Voigt fits
increases with decreasing molecular size (we used molecular
weight as a proxy of the size, see Fig. S2).

Radical anions. Unlike the neutral species, we observed
a linewidth broadening in radical anions as the molecules
become longer, in a similar manner to our previous observa-
tion.” This alone shows that the size of the molecules them-
selves does not contribute significantly to linewidth as we would
have observed the opposite trend. Interestingly, the linewidths
are about the same for the shorter molecules regardless of the
presence or absence of flexible dihedral angles, e.g., 6CB’~ vs.
F,CN"~ and L3PCN'~ vs. 5CT"" (Fig. 3a and Table 1). On the
other hand, in the longer molecules, the linewidth broadenings
are suppressed when we remove the flexible dihedral angles. For
example, we observed a narrower FWHM of 19.4 cm™ ' for
L4PCN'~ compared to that of 24.1 ecm ™" for F,CN'~ (Fig. 3b). A
similar trend was observed in DMF (Table S2, ESIt), and the
linewidths of the radical anions in DMF are generally larger

12112 | Chem. Sci, 2021, 12, 12107-12117

View Article Online

Edge Article

a 1.0 o L3PCN
) v 5CT
2 0.8-
©
£
2 0.6
<
o
S 0.4
g
5 0.2-

p

0.0+ ;
2080 2100 2120 2140 2160 2180 2200
Wavenumber (cm™)

b 1.01 0 L4PCN
9 v F,CN
c 0.8-

8
2 0.6
<
O
8 044
g
5 0.2-
pzd

0.0+

2080 2100 2120 2140 2160 2180 2200
Wavenumber (cm™)

Fig. 3 Comparisons of vanion in THF. (a) TRIR spectra of L3PCN"~ and
5CT". (b) TRIR spectra of L4APCN"™ and F2CN'". These were all
recorded ~100 ns after pulse radiolysis of solutions of the neutrals. The
spectra are normalized to highlight the difference in the linewidths.

than in THF. These observations show that line broadening in
radical anions is caused by heterogeneous broadening associ-
ated with an increase in the available conformations.

The two main sources of the aforementioned heterogeneous
broadening are identified as follows. One is the movement of
dihedral angles, which increases the conformations available
for radical anions to adopt, and hence the charge can reside in
more possible sites. This is only true when a charge has the
physical room to fluctuate, i.e., the “delocalization length” is
shorter than the molecular size. This increase in available
conformations also explains the increased positional entropy
contribution observed in the reduction potentials (see Section
IR shifts). Such movements of dihedral angles are present for
the neutral species, but evidently, their effects on the IR line-
widths are negligible.

DFT calculations revealed an interesting picture to support
our experimental observations. Consistent with the general
picture that an excess charge “flattens” conjugated mole-
cules,®”* the dihedral angle in radical anions is smaller than
that in the corresponding neutral species and it depends on the
degree of electron delocalization (Table S31). Scanning the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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potential energy surface along the dihedral angles shows that
the conformations with smaller dihedral angles are more
energetically accessible than those with larger dihedral angles
(see Fig. S31 for F,CN'"). While the charge becomes localized
when we have a large or “bad”** dihedral angle in the ¢ = 50-
125° range because of the electron-accepting nature of the
nitrile vibration, the computational results indicate their
contributions to the overall populations are small in the current
systems. Therefore, nuclear fluctuations associated with dihe-
dral angle movements, when present, favor those conforma-
tions with smaller dihedral angles and therefore charges can be
more delocalized. The physical lengths are slightly longer for
the oligofluorenes with dihedral angles because hyper-
conjugation shortens the C-C bond length, e.g., d(F,CN) >
d(L4PCN) (Fig. S47). Consequently, when the molecules become
flat, charges can be spread out over a larger distance than in
ladder-type oligophenylenes, resulting in the observed blue-
shift of the »(C=N) nitrile absorption band. To support this,
DFT calculations on F,CN'~ show that the nitrile vibration does
blue shift by ~6 cm ™, on going from the optimized structure (¢
~ 24°) to a completely flat structure (¢ ~ 0°). More conforma-
tions with smaller dihedral angles lead to heterogeneous
broadening of the IR linewidth toward higher wavenumbers
(blue-shift). These seemingly small contributions of the pres-
ence of dihedral angles are significant enough to result in the
counterintuitive picture that a charge is more “delocalized” in
oligofluorenes compared to in ladder-type oligophenylenes. IR
amplifications also contribute to more intense absorptions at
higher wavenumbers (see Section IR amplifications).

While the existence of flexible dihedral angles explains the
difference in the longer molecules, this alone cannot explain
the general trend of larger linewidths for v,nion compared to
Vneutral 1D the current series. We previously observed that the
linewidths of the neutral and radical anion are about the same
for 9-cyanonanthracene (9-AntCN); FWHM ~5-6 cm ™' in THF."*
This shows that the linewidths of such small molecules are
likely limited by homogeneous broadening. Surprisingly, the
linewidth of »(C=N) in a smaller molecule, PhACN"~ (~10 cm ™)
is about two times larger than that of 9-AntCN"~ (~5.2 cm™?)
and about the same as the radical anion of 1-cyanonapthalene
(1-NapCN, ~10 cm ™ '). This comparison shows that »(C=N) in
PhCN"™ is clearly affected by heterogeneous broadening. The
difference between these two molecules and the current series
of polyphenylenes, including PhCN, is that an electron is
delocalized in the same direction as the transition dipole
moment of the nitrile vibration for the current series of linear
oligophenylenes. This difference results in a different degree of
coupling between an electron movement and the nitrile vibra-
tion. A stronger coupling in the linear oligophenylenes leads to
more conformations available for radical anions, and hence we
observe a significantly larger linewidth. A smaller linewidth for
the larger 9-AntCN'~ compared to the smaller 1-NapCN"~ is
likely due to the symmetric nature of charge delocalization in 9-
AntCN"".

In a similar manner to the neutral case, the larger linewidth
of the radical anions observed in DMF is likely caused by
heterogeneous broadening. However, a clarification of this

© 2021 The Author(s). Published by the Royal Society of Chemistry
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solvent-dependent change will require the measurement of
vibrational relaxation time, which is an area of further
investigation.

IR amplifications

We now turn our attention to the extinction coefficients. We
observed clear amplifications of the (C=N) band in the neutral
forms and radical anions of longer oligophenylenes (Fig. 1). The
origin of IR intensity amplifications can be attributed to two
processes: (1) coupling between the redistribution of charges
and vibrational motion, and (2) mixing between a low-lying
electronic transition and a vibrational transition (vibronic
coupling).*

Neutrals. Generally, stronger IR absorptions are observed in
the neutral forms of w-conjugated molecules compared to those
of aliphatic molecules. Prominent examples are those of the
carbonyl C=0 vibration observed by Barrow where he corre-
lated the IR intensity with resonance energy or delocalization
energy.”” Binev et al., also observed enhanced intensities of
»(C=N) bands in the benzonitrile derivatives with anionic
substituents.>® Nafie and co-workers suggested that we can
qualitatively understand this enhancement in terms of elec-
tronic polarizability.” Indeed, in the current series of mole-
cules, we observed a correlation between the total intensity of
the IR band and the computationally determined polarizability.
There is also a correlation to some degree with the permanent
dipole moment (Fig. S5t). The correlation with polarizability is
likely due to the asymmetric nature of charge distribution in the
nitrile-functionalized oligophenylenes; one nitrile group is
attached to the end of a linear w-conjugated chain, acting as an
electron accepting group. A larger asymmetry is the origin of the
large polarizability and dipole moment. While we do not have
an excess charge in the neutral species, we argue that the
observed IR enhancement is through effective coupling between
redistribution of this asymmetric charge and vibrational
motion in a similar manner to the case of radical anions
described below. This is also supported by the fact that
removing flexible dihedral angles results in larger ¢ (e.g., F,CN
vs. LAPCN). The movement of flexible dihedral angles induces
charge distribution (see Section IR linewidths). DFT calcula-
tions also predict the same trend but to a lesser extent than the
experimental values, showing that the intensity becomes large
at a flat conformation (¢ ~ 0°) (Table S1t). Scanning the
potential energy surfaces along the dihedral angle in the
neutrals shows that the energy barrier to smaller dihedral
angles becomes bigger in neutrals while the energy barrier for
“bad” dihedral angles becomes smaller in neutrals (Fig. S31 for
F,CN). Consequently, we have less population with smaller
dihedral angles, and therefore smaller ¢ for non-ladder-types. In
contrast to the extinction coefficients, the frequency itself stays
almost constant. These observations illustrate that the »(C=N)
band is coupled to the nuclear and electronic structural changes
even in the neutral species, which is not clear if we only look at
the frequency.

Radical anions. Amplification of the extinction coefficient of
the »(C=N) band is more prominent in the radical anion
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species (Fig. 1b and Table 1). While we have not measured the
other vibrational modes, we can compare the nitrile-
functionalized oligophenylenes with the non-functionalized
oligophenylenes reported previously. For example, & of
»(C=N) in 5CT"~ is 5050 M ' ¢cm ™", higher than the most
intense band in the radical anion of p-terphenyl reported by
Sakamoto et al. (¢ = 3430 M™* cm™' at 1491 cm ™', C=C
stretching along the molecular axis).” Similarly, ¢ of »(C=N) in
F2CN'~ is higher than the most intense band reported for
F2°~.** Interestingly, ¢ of y(C=N) in F3CN"~ and (L3P),CN"" are
lower than the most intense band in F3"~ (e ~2 x 10*M ' em ™"
at 1540 cm™ ').3*

Substantial dipole derivatives arise when charge distributions
evolve in response to vibrations,”””® and these can become
significant for charges in polymers such as polyacetylene (IRAV
bands).””’® This mechanism is primarily responsible for the
gigantic IR bands observed for asymmetric C-H rocking and C=C
stretching along the axis of the molecules in oligo- and poly-
fluorenes.** The nuclear displacements associated with these
modes produce net displacement of the charge, resulting in large
dipole derivatives. Similarly, our results show that the nuclear
displacement associated with the nitrile vibrational mode can
induce significant displacement of the charge. This is illustrated
in Fig. 4, which displays the Kohn-Sham singly occupied molec-
ular orbital (SOMO) computed for (L3P),CN"~. Compression or
stretching to the classical turning points of the nitrile vibration
moves the charge away from or closer to »(C=N), respectively.
These motions result in a significant change in the magnitude of
the dipole moment. The key difference from the previous work is
that the nitrile is located at the end of the molecules, instead of
the middle of the molecules like C=C and C=C stretching
modes.**** Our results suggest an interesting possibility that one

Dipole
, " 44 Moment
w.p a? 5,‘ .‘ ‘3 «

. ‘."" ,? ‘ ‘.’. 24
Compressed % ¢ 2 Q&Q°,, Debye
¥, ¥y
3.5, ‘;'
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.9 aa“:’a s, 29 - Debye
g ;. s
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P ] 9 A
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4/ 5‘ J" f

Fig. 4 Charge shifts in response to vibrational displacement. Kohn-
Sham SOMO orbitals calculated at LC-wPBE (w = 0.1 bohr~tin PCM for
THF)/6-31G(d) in (L3P),CN"". The middle is the SOMO of optimized
(L3P),CN"". The top and the bottom are the SOMOs from single-point
calculations on structures compressed and stretched to the classical
turning points of the nitrile vibration. The computed magnitude of the
dipole moment for each state is listed.

12114 | Chem. Sci,, 2021, 12, 12107-12117

View Article Online

Edge Article

may be able to vibrationally excite a nitrile located at the end of
a molecule in order to alter the movements of spin-charges in
a similar manner to exciting bridge vibrations.****

The other mechanism of enhancement is vibronic coupling.
Nafie has expressed the enhancement factor (LL.) of the tran-
sition dipole moment of an IR band at a frequency, w, due to
vibronic coupling to each low-energy electronic transition
(weg) by the following equation:™

T G 8

() o

The amplification of dipole derivatives is small (LL, ~ 1)
when all electronic transitions lie much higher than the vibra-
tional excitation (weg >> w,). The lowest electronic transitions
(Py band) of the radical anions of these oligophenylenes are in
the red to NIR region. We measured the absorption spectra of
L3PCN"~ and L4PCN"~ in THF (Fig. S6%), and those of F,CN"~
and F;CN'~ are previously reported.* In particular, the P,
bands of LAPCN'~ and F,CN'~ are at ~0.95 eV or 7690 cm ™' and
~0.83 eV or 6670 cm ', respectively. These transitions are
a couple of times higher in energy than that of the »(C=N)
bands at w, ~ 2100-2200 cm . Therefore, we expect that the
contribution to the IR amplification from mixing with the
electronic transition is small. Yet, the energy of the P; band
becomes smaller for a more delocalized electron,®® and the
amplification through vibronic couplings will be greater at the
delocalized geometries whose »(C=N) are at higher frequen-
cies, which can contribute to the broader absorption on the blue
side of the spectra (see Section IR linewidths).

Conclusions

We have demonstrated with a series of nitrile-functionalized
aryl compounds that the nitrile vibration is strongly coupled
to the nuclear and electronic dynamics, and that this coupling
is more prominent in the charged (anionic) forms of the
molecules. This coupling manifests itself largely in two ways.
One is to induce a large dipole derivative, resulting in an
amplification of the »(C=N) IR bands, consistent with the
theory of Nafie” and previous experimental observations.***
The other is to induce a wider array of conformational pop-
ulations available for the charges to reside in, resulting in
heterogeneous broadening of the linewidths of the IR absorp-
tion band. The heterogeneous broadening also stems from the
presence of flexible dihedral angles. Using a new series of
nitrile-functionalized ladder-type oligophenylenes whose
planarity was confirmed by X-ray crystal structures, we showed
that removing the flexible dihedral angles sharpens the »(C=N)
IR band. Therefore, we have unambiguously demonstrated that
the IR linewidth can report on structural and accompanying
electronic fluctuations, proving our earlier speculation.’ In
addition to IR shifts***® and IR intensities,**** our current work
adds another quantifiable dimension, IR linewidth, to the use
of IR probes for studying charges and excitons.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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