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The low energy phonon modes of the hydro-
genated and deuterated π-conjugated system 7,7,8,8-
tetracyanoquinodimethane: An inelastic neutron scat-
tering study†

Adam Berlie,∗a,b and Hamish Cavaye a

The organic acceptor, 7,7,8,8-tetracyanoquinodimethane (TCNQ), has been the subject of much
research over the past few decades. Due to the π-conjugation of the quinodal structure, TCNQ as
well as TCNQ based charge transfer compounds exhibit some remarkable conducting properties.
We present a study of the neutral TCNQ using inelastic neutron spectroscopy (INS) and show the
first temperature dependent INS data collected on TCNQ allowing us to probe the temperature
dependence of the low energy vibrational states, that have been shown to have an effect on
charge delocalisation. Computational calculations have been used to help understand the data
and the combination with the INS allow us to understand the phonon states. A complimentary
experiment on deuterated TCNQ was also performed that allows a brief comparison of the isotopic
substitution. This work utilises novel techniques to aid the understanding of the bulk properties of
TCNQ in it’s neutral state that can be fed into work on other TCNQ based materials, including the
exploration of deuteration as a technique to tune the properties of the parent compound.

1 Introduction
The compound 7,7,8,8-tetracyanoquinodimethane (TCNQ) was
discovered by a group of chemists at Du Pont in the year 19601,
where their initial characterisation presented a fascinating array
of properties2–4. TCNQ was shown to not only conduct electric-
ity but also able to stablise a radical anion creating an S = 1/2
system that showed interesting magnetic properties. This discov-
ery led to a deluge of research that focused on the novel proper-
ties of different compounds5–13. Substituted TCNQ-based quin-
odial structures have also shown some interesting optical prop-
erties as researchers began to explore cyano-chemistry, most no-
tably mono-substituted TCNQ molecules forming highly polaris-
able non-linear optical materials14,15.

The crystal structure of TCNQ was solved by Long et al.16

where they showed that the planar 2D molecules preferentially
form 1D stacks where there is strong π-orbital overlap, and it
is due to this π-overlap between the TCNQ molecules that it is
able to conduct electricity. As time has progressed, there have
been some remarkable organic-based magnetic systems created
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due to the 1D nature of the TCNQ anion stacks formed within
these charge-transfer salts. Simple TCNQ based salts such as
K+TCNQ− as well as other alkali metal salts form 1D magnetic
systems that exhibit spin-Peierls transitions due to the 1D in-
teractions along these 1D TCNQ anion stacks17–19. However,
recent work has shown that dynamically, this transition is ac-
tually 3D and there must be strong coupling of the 1D mag-
netism with the 3D structural transition11. In recent years, TCNQ
based compounds have also been shown to exhibit the charac-
teristics of functional materials. Some of the simple salts such
as TEA(TCNQ)2 (TEA = triethylammonium) and MEM(TCNQ)2

(MEM = N-methyl-N-ethylmorpholinium) have been shown to
exhibit dielectric anomalies at both structural, i.e. order-disorder,
as well as magnetic transitions6. The fact that there are di-
electric anomalies upon going through the magnetic transitions
is particularly appealing as it illustrates that the system shows
magento-electric coupling, part of the recipe for multiferroic ap-
plications20,21.

All of the above applications involve the compounds within
their solid, crystalline, form where the 1D stacking of the TCNQ
molecules is extremely important. Therefore, it also seems sensi-
ble to fully understand the behaviour of the parent compounds
and in particular the dynamics of the motions of crystalline
TCNQ. This is even more important when you consider that sim-
ply by deuterating the TCNQ molecule, one can cause a shift
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in the magnetic transition temperatures indicating the strong
electron-phonon coupling as well as the influence on the hydro-
gen/deuterium on the vibrational states of the molecule10. Ex-
periments to study the vibrational states of neutral TCNQ have
been conducted previously focusing on Raman spectroscopy22–24.
One of the first in depth studies was by Girlando and Pecile,
which presented extensive Raman spectroscopy measurements
on both the hydrogenated and deuterated compounds22. The
pair were able to assign many of the vibrational modes, how-
ever there was concern that this was not entirely correct, espe-
cially within the low energy region. White et al. followed up
on this and provided another assessment of TCNQ23, where they
also performed calculations to attempt to correlate measurements
with the lattice modes. Recent work has highlighted the impor-
tance of electron-phonon coupling within TCNQ and its fluori-
nated derivatives and this strongly effects the electron mobility
along the 1D stacks25,26. Sosorev et al. used solid state DFT to
study the different librational, translational, and intramolecular
components to each vibrational mode calculated25. The work
showed that below approximately 115 cm−1, each of the vibra-
tional modes had strong mixing of librational, translational, and
intramolecular character. There is a consensus in the scientific
literature that the low energy region is extremely interesting and
important to the understanding of the properties of the material.
Given the importance of TCNQ as a molecule it would be use-
ful to also expand these studies to the deuterated compound and
compare this with the hydrogenated molecule.

One aspect that both IR and Raman spectroscopy can strug-
gle with is studying the motion of the protons and how this ef-
fects the vibrational spectra. The intensity of the modes relating
to proton motion will also provide a qualitative measure of how
much the protons are involved within each motion. Inelastic Neu-
tron Spectroscopy (INS) is a technique that probes the motions of
the protons, where there are no optical selection rules, i.e. one
can observe all the vibrational modes, even those that are inac-
tive in IR and Raman spectroscopies. It has proved to be a useful
method to investigate vibrational modes in other organic semi-
conductors and substituted TCNQs28. A previous measurement
using INS has been done on neutral hydrogenated TCNQ, but the
spectrum was limited in energy range, was relatively low reso-
lution and the focus of the analysis was more on isolated single
molecules27. Our study expands this field of work and we use
INS to first gain high resolution spectra of both hydrogenated and
deuterated TCNQ, so a clear comparison can be made. We then
compare these measurements with a CASTEP calculation, where
a small number of our calculated irreducible representations (ir-
reps) are ordered differently to those of previous work. We are
also able to focus in on the low energy region of the spectrum,
where one is interested in the lattice modes, which are extremely
important for solid state applications. It should be noted that re-
cent work on transient localisation has shown that the low energy
vibrational modes in crystalline organic semiconductors can have
a large impact on on charge localisation29,30. These low energy
modes can effect the local overlapping wavefunctions and this
explains why, in the high temperature regions, electron mobility
is generally limited.Therefore to probe this effect, a temperature

dependent INS measurement is used to look at the temperature
dependence of the low energy region providing more information
on the vibrational states within TCNQ-H4 and TCNQ-D4.

2 Experimental Methods
TCNQ was purchased from TCI Chemicals with a purity >98%
and deuterated TCNQ was synthesised using a method outlined
by Dolphin et al.31. Inelastic neutron spectroscopy measure-
ments were conducted on two instruments. The first was the
indirect geometry spectrometer TOSCA at the ISIS Neutron and
Muon Source, UK. The powdered sample was placed inside an
aluminium sample can where spectra were collected on both an
empty sample can and on the sample, cooled to <10 K using a
He closed cycle refrigerator. All data were reduced using Man-
tid32. The second was the direct geometry PELICAN time-of-flight
spectrometer at The Bragg Institute, Australian Nuclear Science
and Technology Organisation33 where a He closed cycle refriger-
ator was again used for temperature control. Due to the set-up
of the instrument, we were able to collect data across the low
energy region on the neutron energy gain side of the spectrum.
The instrument was optimised for neutrons with a wavelength of
4.32 Å with an energy resolution of 350 meV at the elastic line.
The powdered sample was placed inside an aluminium sample
can where spectra were again collected on both an empty sample
can and on the sample at 10, 100, 200 and 300 K. The data were
then normalised to a vanadium standard so that the instrument
background could be subtracted from the TCNQ spectra using
the respective spectra from the empty sample can. Data reduc-
tion was carried out using the Large Array Manipulation Program
(LAMP)34.

CASTEP calculations were performed using CASTEP version
17.2.135. The crystal structure from Long et al.16 was used
as an initial input. Firstly a geometry optimisation was per-
formed, followed by a Phonon+Efield calculation to generate the
vibrational modes. A PBE (Perdew-Burke-Ernzerhof) functional
was used throughout and the calculation was performed for the
gamma-point only. The same calculation was repeated for the
fully deuterated TCNQ by isotopic substitution of 1H for 2H in the
CASTEP cell file. The resulting calculation outputs were analysed
in BIOVIA Materials Studio 2017 R2. Simulated INS spectra were
generated for comparison with TOSCA and PELICAN data using
the AbINS script36 and aCLIMAX (4.0.1)37 respectively. To repli-
cate the PELICAN neutron energy gain data at different temper-
atures a Boltzmann distribution was used to scale the population
of each vibrational energy level.

3 Results and discussion
The TOSCA instrument is an indirect geometry spectrometer. This
means that a white beam of incident neutrons is scattered from
the sample and the scattered neutron energy is selected using a
Bragg reflection from a filter of crystalline pyrolitic graphite. The
result is a high flux, high resolution spectrum that is readily com-
parable to optical vibrational spectra and amenable to computa-
tional simulation. However, one main consequence of indirect ge-
ometry spectrometers is that they have a fixed trajectory through
(Q,ω) space, where Q is represents momentum transfer and ω is
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Fig. 1 INS data of both hydrogenated and deuterated TCNQ measured on TOSCA where A: shows the INS spectra of both the hydrogenated
and deuterated samples, the inset shows the high wavenumber region where one expects to find C-H/D stretches, B: shows a comparison of the
experimental data and results from the CASTEP calculation for the hydrogenated sample, C: shows a comparison of the experimental data and results
from a CASTEP calculation for the deuterated sample and D: shows an enlargement of the low energy region. All spectra are normalised to a peak
intensity of 1 and offset for clarity.

energy, generally resulting in data collected at a relatively high
Q. Consequently, and especially for study of light atoms such as
H, the Debye-Waller factor leads to unfavourable spectra if the
sample is not cooled to cryogenic temperatures38.

The INS spectra from the TOSCA measurement can be seen
in Figure 1, with data collected out to 496 meV (4000 cm−1),
spanning the whole of the vibrational spectrum. INS utilises in-
coherently scattered neutrons with the scattered neutron inten-
sity for a vibrational mode being proportional to the incoherent
neutron scattering cross section and magnitude of displacement
for the atoms involved. 1H has an exceptionally large incoher-
ent cross section (80.27 barn) and subsequently most INS spectra
of hydrogenous materials are dominated by the modes involving
hydrogen. Both carbon and nitrogen have negligible incoherent
scattering cross sections and so the peaks in Figure 1 are almost
entirely related to the displacement of hydrogen atoms. Deu-
terium (2H) has a small but useful incoherent neutron scattering
cross section (2.05 barn), which meant that the fully deuterated
sample of TCNQ could also be studied, and the peaks again corre-
spond to displacements of the deuterium atoms, allowing a direct
comparison of the two samples.

A comparison of the hydrogenated and deuterated sample is
seen in Figure 1A, where there are clear shifts in the peaks, par-
ticularly at higher energies. This is not surprising given the dif-
ferences in mass between hydrogen and deuterium. The C-H

stretches that are normally observed above 248 meV (2000 cm−1)
are also clearly visible, with the hydrogenated sample showing a
peak around ∼372 meV (3000 cm−1) and the deuterated sam-
ple ∼285 meV (2300 cm−1), demonstrating the expected isotopic
effect and showing the deuterated sample is indeed deuterated
to a high degree. Figures 1B and 1C show a comparison of the
INS data with the simulated spectra from the CASTEP calcula-
tions. As one can see the agreement between the calculated and
experimental data is good, where the small differences are likely
due to the fact that the calculations are for the Γ-point and not
a full dispersion. For the hydrogenated sample, a full list of the
frequency/energy of the calculated peaks with their assigned ir-
reducible representations is included within the supplementary
information. It should be noted that we do not observe any peaks
from the CN stretches within the high energy regions, this is due
to the negligible amount of incoherent scattering of these atoms;
the peaks in this region in Figure 1 are purely due to combina-
tions of lower energy modes involving hydrogen. However, it
does confirm that the CN stretch is a purely intramolecular mode,
where the motion is isolated the the cyano groups at the end of
the molecule, with no strong influence on the quinodial structure,
which would lead to hydrogen motion detectable in the INS spec-
tra.

The high energy region has been studied before and the
INS spectra match well with the previously calculated spectra,
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whether this has been performed using Gaussian or from a group
theory approach22,27. However, there is still some uncertainty
surrounding the very low frequency/energy region where ideally
one needs to use a computational technique that takes into ac-
count the continuous 3D nature of the molecular crystal as well
as all intramolecular interactions. This approach means one can
get a much better handle on the types of motion that the system
undergoes and whether the low frequency/energy modes show
mixing of both intra- and intermolecular vibrations.

The low energy region has been enlarged in Figure 1D, where
one can see the respective comparisons with between TCNQ-H4,
TCNQ-D4 and the calculated spectra. The particularly high res-
olution of the instrument at low energy transfers has provided
extremely detailed experimental spectra and again, there is sig-
nificant agreement between the calculations and the experimen-
tal data. This region shows some level of isotopic effect due to
the difference in mass between 1H and 2H, however many of the
peaks remain unshifted. Peaks demonstrating a larger isotopic ef-
fect are likely to involve more intramolecular motion, where the
mass difference between the proton and deuteron is most strongly
emphasised. However, peaks corresponding to modes that are
primarily whole body motions in character rely on the mass of
the whole molecule. Compared to the effective mass of a single
bond, deuteration has a significantly lesser effect on the mass of
the whole molecule and so these peaks are largely unshifted upon
deuteration.

For the hydrogenated sample, the low energy modes have also
been listed within Table S1 within the supplementary informa-
tion, where we have attempted to characterise the motions asso-
ciated with the low energy modes up to ∼18.5 meV (150 cm−1).
There is a broad correlation between the modes exhibiting an iso-
topic effect in the experimental data and those assigned as having
intramolecular character. Above ∼18.5 meV (150 cm−1) the mo-
tions become dominated by intramolecular motions as opposed
to the intermolecular motions of interest. From the calculations,
it is clear that many of these low energy motions have a mixing
of inter- and intramolecular character. This will have an effect on
the properties of TCNQ based compounds on cooling as these low
energy modes will contain a large amount of intramolecular mo-
tion. Within this respect our results are broadly similar to those
reported by Sorsorev et al.25

Given the electron-phonon coupling within TCNQ, the temper-
ature dependence of these low energy modes is also of interest
as this will have an effect on the electron mobility. To achieve
this the direct geometry PELICAN neutron spectrometer was used.
Use of a direct geometry instrument (resulting in lower Q) in neu-
tron energy gain configuration circumvents some of the negative
effects of the Debye-Waller factor at higher temperatures, thus
one is able to probe the change in the intensity of modes within
the low energy transfer region as a function of temperature. The
reduced INS spectra can be seen in Figure 2A where the data
was integrated over Q to afford a simple spectrum comparable to
that produced on TOSCA. By focusing on the neutron energy gain
side of the spectrum, one is able to only look at modes that are
already excited within the thermal bath of sample at a specific
temperature, similar in effect to the heat capacity, although this

is looking at the density and population of all vibrational states
over all energies and Q range. In this case the neutron is inco-
herently scattered off phonons or vibrations involving the motion
of protons where the transfer of energy is from the sample to the
neutron and the vibrational state will be de-excited. Therefore
the area of the peak associated with each vibrational state will be
proportional to the population of each vibrational state.

The results can be seen in Figure 2A, the inset shows the region
between -75 and -15 meV, where there are some clear peaks, al-
beit with a lower intensity at the higher energies. Qualitatively,
the population of each mode can be seen to decrease with tem-
perature, where at 10 K, all motion is frozen out, consistent with
the vibrational states being in the ground state at this tempera-
ture. There is also good agreement between the calculations and
the 300 K data set that is shown in Figure 2B; it should be noted
that the intensity of the peaks has been multiplied by an expo-
nential decay as one goes out in energy from the elastic line in
order to account for a Boltzmann distribution of populated vibra-
tional states. The calculated peaks have also been broadened to
show that the 300 K spectra is reproducible with the experimen-
tal resolution. The weak peak that can be seen at approximately
-2 meV is believed to be due to the three acoustic phonon modes.
To attempt to extract more information on the temperature de-
pendence, the strongest peak at approximately -5 meV was fitted
using a combination of two Gaussian functions. An example of
the fit at 300 K is shown in Figure S3 within the supplementary
information. Although there may be more peaks within this re-
gion, fitting with more than two Gaussian functions did not lead
to a stable fit. The temperature dependence of the area of the two
peaks is shown in Figure 2C. Although Peak 2 has larger associ-
ated errors, it was possible to extract the Boltzmann factor from
the change in intensity of Peak 1 using the equation:

I = Aexp
(
−Ea/kB

T

)
, (1)

where A is the pre-exponent and Ea/kB is the energy associated
with the vibrational state. In the case of the data within Figure
2C, the data were best fit using a graph with a logarithmic scale.
In this case Ea/kB = 191.1(0.4) K, this parameter could then be
used to calculate the curve shown in Figure 2C, where A=0.002,
and this shows good agreements with the data points. Further-
more, the temperature dependence of the centre of the two peaks
is shown in Figure 2D. Although one must be cautious with only
three temperatures, the data suggest a linear fit of the peak cen-
tre, xc against T :

xc = dE/dT ×T + f0, (2)

where dE/dT is known as the first temperature coefficient. For
Peak 1, f0 = -5.060(9) meV (40.81(7) cm−1 ) and dE/dT =
2.85(2) µeV K−1 (23.0(2)×10−3 cm−1K−1) and for Peak 2, f0
= -4.16(3) meV (33.5(2) cm−1 ) and dE/dT = 1.98(4) µeV K−1

(15.9(3)×10−3 cm−1K−1). In both cases, the temperature coeffi-
cient is an order of magnitude greater than that observed for the
5.08 meV Ag peak by Carlone et al.24 however, given the scatter of
their data points, there is likely to be large uncertainty in their re-
ported value and our work could point to these low energy modes
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Fig. 2 PELICAN INS data from the TCNQ-H4 where A: shows the INS spectrum recorded at different temperatures, B: shows a comparison of the INS
spectra at 300 K and the calculated spectrum, note that the data has been offset for clarity, C: shows the temperature variation of the area of the two
Gaussian peaks fitted to the intense peak at approximately 5 meV with the solid line showing a Boltzman equation with an energy scale of 191 K and
D: shows the temperature variation of the different peak positions.

having a much stronger temperature dependence than previously
reported. It should also be noted that we calculate there to be
one IR active peak at 4.84 meV and two peaks; one Raman and
one IR active, at approximately 5.33 meV, therefore the fact that
there are two peaks underneath Peak 1 could also add to this dis-
crepancy.

The temperature dependence of the INS spectra collected from
the PELICAN spectrometer for TCNQ-D4 can be seen in Figure
3A. Due to the much lower incoherent scattering cross section of
deuterium, the intensities of the peaks are not as strong as those
for the protio compound. However, one can qualitatively see that
there is a similar trend to that shown in Figure 2. A compari-
son between the hydrogenated and deuterated samples at 300 K
can be seen in Figure 3B, where the position of these low energy
peaks is, again, not greatly effected on deuteration, consistent
with many of these modes having whole-molecule librational and
translational character with little intramolecular mode mixing, re-
sulting in only a small isotopic effect by substitution of 1H with
2H.

4 Conclusions

INS has proved to be an extremely useful technique when probing
organic molecules and the results presented highlight the contri-
bution of the protons/deuterons to the vibrational spectrum of
TCNQ. Our work has been able to focus on the low energy modes
and combine this with solid-state DFT calculations so that all vi-
brational modes can be assigned. We present the first tempera-

ture dependent INS measurements on TCNQ and highlight this
technique as a useful probe of other organic based semiconduct-
ing materials. It has also been demonstrated that whilst deuter-
ation does have an effect on the very low energy modes, below
125 cm−1(15.5 meV or E/kB ∼180 K), it is not dramatic. This
suggests that within the high energy/temperature limit, deutera-
tion may not have a large effect on the properties in solid state
compounds where one expects to see electron-phonon coupling.
However, at low temperatures, these small differences may prove
to be much more significant (i.e. below 180 K) and so in this
case, deuteration may prove to be an effective way to tune solid
state transitions even further and we hope our results will prompt
further research.
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Fig. 3 PELICAN INS data from a deuterated sample of TCNQ where A: shows the INS spectrum at different temperatures and B: shows a comparison
between the hydrogenated and deuterated samples at 300 K.
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