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1 | INTRODUCTION

It is increasingly recognized that nuclear quantum effects (NQEs) associated with light nuclei, such as protons, may influence structure, dynamics
and properties of large molecular systems and materials. The NQE studies are mainly focused on the zero-point vibrational energy (ZPE), delocali-
zation of the nuclear wavefunction and quantum tunneling (1-41, Liquid water is the prime example of a system in which NQEs are particularly
important because of the central role of the hydrogen bonding on its properties °~7). The difference in stability of the hydrogen bonding and its
deuterium-substituted equivalent is due to the interplay of two competing quantum effects: the ZPE of vibrations and quantum tunneling. Some

other systems, which may be influenced by the quantum behavior of the nuclei, are two-dimensional materials 58! 19,101

and conducting polymers
Recent experiments have shown that selective deuteration of conducting polymers may change their optoelectronic properties ). For example, in
the organic photovoltaic heterojunction, consisting of poly(3-hexylthiophene) (P3HT) and phenyl-Cé1-butyric acid methyl ester (PCBM), selective
deuteration of the hexyl side-chain‘arm of P3HT affects the open circuit voltage, Vo through fluctuation of the energy levels of the electron
donor (P3HT) and acceptor (PCBM). Because of the difference in fluctuations of H and D in their respective ground vibrational states due to the
nuclear wavefunction delocalization, the rates of the charge transfer across a heterojunction and of the recombination are different for the pro-
tonated and deuterated versions of P3HT. This shifts the balance of charges across the PSHT:PCBM junction and leads to lowering of V. by
0.24 eV upon the side-chain deuteration of P3HT 1. A few other recent notable examples of experimentally observed H/D isotope effects are
polymerization of benzene ™Y, stability of organic molecules in the electronic beam of the transmission electron microscope 12 3nd the spin
response in polymer films and devices 134, It is even argued that olfaction is sensitive to the H/D isotopic substitution through its effect on non-
covalent interactions between the molecules (1261,

In this paper we (1) present a theoretical framework for including NQEs relevant to crystallinity of polymers and (2) use it to examine NQEs in

[17]

isotopically substituted P3HT. As follows from experiments '***, selective substitution of the hydrogen with deuterium atoms at the thiophene
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ring reduces the crystallinity of this polymer. This is surprising because the electronic structure (ES) and, hence, the molecular geometry, do not
depend on the isotope substitution (with the exception of the usually negligible hyperfine coupling), and the experimental evidence essentially
rules out ‘the kinetic effects. Moreover, the deuteration of the hexyl side chains (13 H/D 'substitutions) has little effect on the crystallinity of
P3HT, while the deuteration at the thiophene ring (single H/D 'substitution) leads to a noticeable change in crystallinity. Thus, the observed iso-
tope effect on crystallinity must originate from the dynamics of the protons or deuterons bound to the thiophene rings on the polymer main
chain.

Our preliminary studies 7} suggest that the change in crystallinity may be attributed to the difference in the ZPEs of the deuterated and pro-
tonated species and, additionally, to the correlated motion of the protons or deuterons belonging to the neighboring P3HT chains was also recog-
nized. In this work we explore the nature of the associated long range intermolecular forces by decomposing the H/D vibrational interaction
energy into electrostatic, induction and dispersion contributions, similar to the analysis of the electronic energy (18] |n the Symmetry Adapted Per-
turbation Theory (SAPT) 1229 (1) the electrostatic interaction comes from the static charge distributions within the two molecules; (2) the induc-
tion interaction arises from the distortion of the charge distribution of a given molecule in the electric field of its neighbors; (3) the dispersion
interaction is defined by the fluctuations of the charge distribution in molecules as the electrons move (electronic correlation). Such decomposi-
tion is based on the perturbation theory applied to the ES of a molecule with frozen, classical nuclei. Here this approach is extended to the analy-
sis of correlated motion of light atoms, treated as quantum-mechanical particles.

The goal of this paper is twofold: to describe a general formalism for analysis of the dipole-dipole interactions associated with the quantum
nuclei, and to examine various NQEs which may contribute to the isotope dependence of crystallinity observed in PSHT. The remainder of the
paper is organized as follows. A general formalism, describing the nuclear dipole-dipole interaction within the second order perturbation theory is
outlined in Section 2. Section 3 gives details of implementation, which include the multilayer molecular model of the crystalline P3HT, the normal
modes ZPE analysis, and the quantum dynamics setup, combining the discrete variable representation (DVR) with ES calculations on a grid. Results

and discussion are presented in Section 4. Section 5 concludes.

2 | NQE ON POLARIZABILITY AND DIPOLE-DIPOLE INTERACTIONS

In this section we describe a formalism for the analysis of polarizabilities and dipole-dipole interactions associated with the quantum-mechanical

treatment of nuclei.

2.1 | The framework

In this work we will consider interactions between neutral molecules. For each molecule the electrons and one of the nuclei, that is, the proton or
deuteron will be treated as quantum, while the remaining nuclei will be treated as space-fixed classical point charges. In case of the P3HT poly-
mer, the 3-hexylthiophene monomer unit, shown in Figure 1A, is such a neutral “molecule” with the thiophene-bound hydrogen or deuterium

described as quantum-mechanical particles. The crystalline P3HT, shown in Figure 2, is a collection of these molecules. For a neutral molecule, the
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FIGURE1 A molecule with a single quantum nucleus, that is, the PSHT monomer with the thiophene bound proton (red) treated as the QM
particle. Contours of the potential energy surface (PES), computed with DFT, are superimposed on the grid of the proton Cartesian coordinates.
The arrow indicates the dipole moment localized on the thiophene ring. The side chain exhibits negligible dipole moment. (B) A schematic
representation of the interacting dipoles D4 and Dg, separated by the distance &, of the adjacent chains forming the P3HT crystal
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FIGURE2 The molecular model of the P3HT crystal, which is monoclinic with 87" angle. The model is.based on four hexylthiophene oligomers,
each with four thiophene monomer units. The boxed protons (deuterons) are treated as QM particles. The central units of the front view (A),
colored gray and labeled with roman numerals from | to IV, belong to the primitive cell of the P3HT crystal (Sections 3.1 and 4.3). The side chains,
truncated in (A), are shown in gray in the side view (B)

X

first non-vanishing term in the multipole expansion of the charge distribution is the dipole moment, depicted in Figures 1 and 2 as an arrow cen-
tered on the thiophene rings. The hexyl arms are essentially neutral and do not contribute to the dipole moment of each molecule. The basic
model of the dipole-dipole interactions includes two such molecules, labeled A and B in Figure 1B. Interaction of their dipoles, separated by the
distance £, is the leading contribution to the interaction energy of two neutral molecules. We start with a general expression of a molecular
dipole, describing all particles in Cartesian coordinates for clarity. The vectors and vector-operators are labeled with bold symbols.

Within the Born-Oppenheimer approximation the total molecular wavefunction, @, is factorizable into the nuclear and the (ground state) elec-

tronic wavefunctions, ynuq and ¢, respectively,
(D‘:(I)(reernUCht) =Wnud (Rnuclrt) X @el (Fel; Rnucr) (1)

The electronic wavefunction parametrically depends on the nuclear positions; the vectors R, and r list the Cartesian position-vectors R, of

Nnua Nuclei, and r; of Ng electrons, labeled with the subscripts y and i, respectively. The dipole moment of a neutral molecule is

Nouel Nei
_<q>Zz,R,—Zr,<D>, )
r=1 i=1

where z, is the atomic number and integration goes over the nuclear and electronic coordinates. Integration of the total dipole moment operator

in Equation (2) over the electronic coordinates only defines the nuclear dipole moment operator D,

Niuci Nel
D:Zzy Ry‘Z<‘ﬂel‘ri‘(/’el>Rmp 3)
y=1 i=1
in terms of which Equation (2) becomes
D= <Wnucl| Dl l»”nucl>' (4)

Note that the last term in Equation (3), that is, the electronic dipole moment, generally depends on the nuclear positions R, because the
electronic wavefunction parametrically depends on R,,.o. The Cartesian components of the dipole moment operator and the dipole moment vec-

tor given by Equations (4) and (3), respectively, are denoted as
D= (x,v,z), D=(X,Y,2) (5)

The expressions referring specifically to the molecule A and B will have the appropriate subscripts. For clarity, the expressions below are
given just for the quantum nuclei (R); the classical nuclei are omitted.

The numerical values of the operator D can be computed for any given molecular geometry using standard ES packages and do not depend
on the isotope substitutions. To include the NQE into Equation (2), the wavefunction for the quantum nuclei, in our application of a single proton

or deuteron, will be described in terms of the vibrational eigenstates, enumerated with index k starting with k = O for the ground state:
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H™ 1K) = e |K), ek = ha (6)

While analyzing the polarizability, we will use the frequencies wy, rather than the eigen-energies e,. The mean value of an operator, Q, is

defined as the average over the vibrational ground state,
Q=(0|Q|0), (7)
and the matrix element Q,, is defined as
Que = (k|QIK') (8)

The vibrational eigenstates and the dipole moment operator D, given by Equation (3), will be computed as functions of the protonic coordi-
nate R, assuming that the classical nuclei are frozen and that the electronic ground state wavefunction adiabatically adjusts to the instantaneous

positions of the quantum nucleus.

2.2 | The formalism

We assume that the polarizability of a single molecule can be represented as a sum of electronic and nuclear components:

atotal :ael + anucl (9)

The primary effect of external field & on the molecule is a distortion of the electronic charge distribution, which is easier to displace due to
the difference in electronic and nuclear masses. The electronic polarizability is isotope-independent. Here we focus on the isotope effect on the
energy and nuclear polarizability ", denoted simply as « in further discussion. The polarizability « is a symmetric 3 x 3 tensor, whose first-row
elements are ayy, axy, ax, and so forth. To incorporate the quantum nucleus into the picture, we invoke the second order expansion of the vibra-
tional energy, using the ground vibrational state |0) as the reference state. Including the external electric field of frequency w as a perturbation,

the xy element of the dynamic polarizability tensor a{w) is:

0| Xk ) { kY]0
2@ 9P)
k>0 kQ

ayy(w) =2 .| Wko = Wk —wo, (10)

)
and likewise for the remaining elements. In Equation (10) w,o is the transition frequency of a proton going from the ground to the k" vibrational
state. The static polarizability, describing response of a molecule to the static electric field, is given by Equation (10) evaluated at o = 0.

Now let us turn to the NQE on the dipole-dipole interactions of the molecules A and B, illustrated in Figure 1B. In general, the dipoles D, and

Dg fluctuate in time due to the vibrational motion of the quantum nuclei around their mean values,
DA(t):BA +5DA(t), DB(t):BB+5DB(t) (11)

Since these fluctuations are random, the basic description includes their interaction in average sense: the mean dipole on A interacts with the
mean dipole on B. Beyond this mean-field interaction picture, the dynamical correlation between dipole fluctuation needs to be taken into
account: fluctuations of one of the dipoles cause local changes in the field experienced by the second dipole, whose response leads to correlation
of motion between two dipoles 171, Following the ES theory 19 the dynamical correlation energy can be decomposed into the induction and the
dispersion terms associated with the permanent-instantaneous and instantaneous-instantaneous dipole interactions, respectively. (Additional dis-
cussion is given in Appendix). The electronic dispersion refers to the changes in the local electric field, caused by fluctuations in position of one of
the electrons, in turn distorting charge distributions of the other electrons, described as instantaneous dipoles. An analogous nuclear dispersion
arises from the fluctuations in the nuclear positions of molecules A and B. The oscillating dipole moment centered at A creates the electrostatic
potential at point B, interacting with the charges of the molecule B. For a neutral molecule A, the leading contribution to the electrostatic poten-
tial, V(R), at a distant point B (the center of D), is due to the dipole A:

o 1 Do
Vel ) =g (12)
2 is the vector of separation between the centers of the dipoles D5 and Dg. The electrostatic field & resulting from D, at B is
E(R)=- 2Ve(R)= -1 (Da=3(Da-n)n) (13)
=- aVe = Aneo T A A ,

where n is a unit vector along &, n = &/ | &|. Using Equation (13) and aligning &# with the z-axis (n = (0, 0, 1)), the interaction energy of Dg with
the field generated by D, is

1
AneoR 8

Eint = - &(R)Dg = (XAXB +YAYEB-27/7B) (14)
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In Equation (14), the components of D, and Dg of Equations (5) and (3), should be evaluated, generally, over the time-dependent nuclear

wavefunction. We will do so within the second order time-independent perturbation theory,
Epe=e +e, (15)
using the factorizable wavefunction of two uncorrelated protons in their ground vibrational states as the reference state:
WO (Ra,Re) = /3 (Ra) -y/3(Re) (16)

The superscript on y labels the vibrational states. The two-particle vibrational state in Dirac notations will be denoted by the vibrational state

indices k and k' referring to the protons A and B, respectively:
[k.K') =[ka)- [ Kg), (kK" |= (ka | (kg | (17)

Based on Equation (14) the dipole-dipole interaction operator V is

Vo1 (xAxB +Y“YB—2ZAZB) (18)

B 42180.%3

Since the operators )(q YA ZA act only on the states of A, while the operators XB, YB, ZB act only on the states of B, the first order correction

is simply the interaction of mean dipole moments,

. 1 TAVB | TAUB  ,SASB
0= = -
¢ <0,0| vjoo) po—s (x X +V'Y’-27'Z ) (19)
The dipole-dipole correlation is defined by the second order term,

5N >o<o,0\ V| k,k’><k,k’| \7|o,o>

A B_.A__.B
€0+€0 € T€k

, (20)

€
koK
where k and k' cannot be zeros simultaneously. Setting either k or k' to zero leads to induction term, whereas setting k > 0 and k > O leads to dis-

persion type interaction as detailed in Appendix-A. Since the operator V, defined by Equation (18), appears twice in Equation (20), its numerator

includes the cross terms between XAXB, YAYB and ZAZB, representing the dipole correlation. The expression for £2 in terms of the matrix ele-

ments of the dipole operators, and its decomposition into induction and dispersion components are given in Appendix-A.

3 | IMPLEMENTATION

In this section we describe the simulation model and the quantum dynamics/ES setup for the crystalline P3HT.

3.1 | The simulation model of PSHT

Our molecular model of crystalline P3HT is based on the structure of Ref. [21], combining data from NMR, spectroscopy, X-ray scattering, and
quantum chemistry calculations. The P3HT crystal has a monoclinic Bravais lattice with the primitive cell comprised of four hexylthiophene units.
The distance between the neighboring polymer chains is A. The model of crystalline P3HT used in this work consists of 16 hexylthiophene units
within the four P3HT oligomer chains (408 atoms altogether) as shown in Figure 2. For clarity, only the main chains of thiophene rings are shown
in the front view, Figure 2A, with the arrows representing the dipole moment of each unit. The thiophene rings, colored gray and labeled with
roman numerals from | to IV, belong to the primitive cell. Each P3HT chain is represented by four hexylthiophene units (25 atoms): the main chain
is formed by thiophene rings, all with hexyl side-chains. The hexyl side chains are depicted in the side view, Figure 2B. The main chains are termi-
nated with hydrogen atoms.

To perform the ES calculations the molecular model of P3HT is partitioned into two layers shown in Figure 3, which are treated within theo-
retical approaches of varied complexity and numerical cost. (1) The outer layer, referred to as the molecular mechanics (MM) layer, represents the
crystalline environment and is specified in terms of point charges. The charges are defined as the Mulliken charges from a cost-efficient ES calcu-
lation (LRC-wPBEh/6-31G[d]) on the entire molecular model of 408 atoms. The point charges of the outer layer determine an external electric
field for (2) the inner quantum mechanics (QM) layer, consisting of a single PSHT chain in the central part of the model. In this region, comprised
of 27 atoms, the ES is computed employing more sophisticated theory, capturing the long-range interactions and z-stacking between the adjacent
chains of P3HT. These ES calculations are performed for multiple positions of the quantum proton, defining a small quantum dynamics region
within the QM layer, labeled “DVR” and indicated by the red box in the figure. The Schrédinger equation for a single quantum nucleus (the proton
or the deuteron of the thiophene ring) will be solved within the DVR region: the electronic potential energy surface (PES) and the dipole moments
are computed on a grid of positions of the quantum nucleus, while the remaining nuclei of the QM region are fixed in space. In the QM layer we

employ the long-range corrected (LRC) density functional with the empirical dispersion ?? LRC-»PBEh-D3 in conjunction with the basis set

=)
(o)



|Color Figure = Print and’ Online i

60f15 | UANTUM JAKOWSKI €T AL.
WILEY 84 EMISTRY

FIGURE 3 The simulation model of the P3HT crystal: The outer region (MM layer) is represented by the point charges determined from the DFT
calculations. The inner region (highlighted with purple QM layer) consists of a single hexyl-thiophene unit embedded in the external field of the
point charges from the MM region. The QM layer is described with a more advanced DFT method. The red box indicates the DVR region, where
a single proton (or deuteron) is described as the QM particle. The sulfur atoms of the thiophene rings are shown in yellow, and the hydrogen
atoms on the central thiophene rings are shown in red. The H/D atoms of the main-chain thiophene rings above and below the quantum nucleus
form a column

6-311++G[d,p]. A cheaper, less sophisticated ES method, LRC-wPBEh/6-31G[d], is used to generate the point charges of the MM layer. The
choice of the ES method has been discussed in Ref. [17]. The DFT calculations have been performed with QChem-4.3 (231,

The chosen ES method, that is, the LRC wPBEh density functional, extensively benchmarked by Rohrdanz and co-workers 24 has been
shown to perform well for the ground and excited state properties including the charge-transfer states. We have also tested several popular ES
methods for the proton transfer between two water molecules through the graphene/or hexagonal boron nitride single layers 25 for a range of
water-membrane separations of ‘A, We have found that the overall electronic potential energy profiles as functions of the transferring proton
position, obtained with the LRC-wPBEh method, were in close agreement with those generated by a much more reliable and expensive coupled
cluster (CCSD/6-31G**) method. This motivates our use of LRC-wPBEh as a practical method capable of describing interchain interactions in
P3HT model. The chains are 3.8 A apart, and it is desirable for such-a systemto employ a basis set containing high angular momentum functions.
For practical reasons we use a smaller 6-31G* for the geometry optimization of protonic positions in a 408-atom model, and having reduced the
system size to 27 atoms, a much larger 6-311++G[d,p] basis (and D3 dispersion ??) to generate the DVR grid for the quantum dynamics calcula-

tion of a proton.

3.2 | The DVR/DFT calculation

To estimate the effect of delocalization of the protonic/deuteronic wavefunction on the nuclear dipoles we employ the DVR of a nuclear wave-
function on a three-dimensional Cartesian grid of 31 X 41 x 41 points. The grid spacing is 0.05 A. The grid is oriented so that its axes are aligned
with the vibrational normal modes of the quantum proton, namely the CH stretch and the CH in-plane and out-of-plane bends with respect to
the plane of the thiophene ring. Figure 1A depicts the hexyl-thiophene unit of the Quantum Mechanical ES layer along with several PES contours
in the plane of the thiophene ring. The electronic energies and the dipole moments are computed ab initio at each DVR point (LRC-wPBEh-
D3/6-31++G(d,p) method), while the crystalline environment is included within the QM/MM framework [2627] The full Hamiltonian matrix is

diagonalized to yield the vibrational eigenstates, subsequently used in evaluation of the matrix elements for the dipole operators, XjA, and so forth

given by Equation (4). This straightforward implementation is practical for a single quantum nucleus (three vibrational degrees of freedom) and
provides a convenient assessment of the isotope effect on the dipole moment and polarizabilities. In general, the DVR/DFT on-a-grid approach
may be extended to more quantum particles using advanced quantum dynamics techniques, such as tailoring and pruning the vibrational bases,
iterative matrix diagonalization, “growing” an interpolated PES, and so forth 28-331,

The vibrational Hamiltonian is a sum of the potential and kinetic energy operators. In the coordinate-space DVR, the potential energy opera-
tor is diagonal. This feature allows us to simply compute the PES at the grid points without fitting or interpolation procedures. Therefore, the PES
construction is relatively straightforward, though it is the most expensive part of the calculation. The PES required 52 111 DFT evaluations over
the proton/deuteron positions, distributed as a swarm of embarrassingly parallel small jobs. The kinetic energy operator is analytic, but non-diago-
nal. We have used a five-point DVR formula (34 leading to a sparse kinetic energy matrix, and had to store only 15 x 52 111 elements (five DVR
points times three degrees of freedom [x, y, z]). Two hundred lowest energy eigenstates were obtained for the proton and deuteron by diagonaliz-

ing the Hamiltonian with the ARPACK sparse diagonalizers 7!,
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4 | RESULTS AND DISCUSSION

In this section we present and discuss the isotope effect on the dipoles, polarizability and dynamical correlation, including dispersion interaction

associated with the main-chain quantum proton and deuteron, starting with the normal modes ZPE analysis.

4.1 | The normal modes ZPE analysis

Within the Born-Oppenheimer approximation the minimum energy geometry and the ES of isotopologues are identical. Thus, first of all, the
changes in stability of P3HT upon the H/D substitution may be attributed to the difference in the vibrational ZPE associated with the proton and
deuteron on the thiophene rings. First of all, because we use polymer geometries derived from experimental data, the energy minimization and
the normal modes analysis includes only H/D of the isotopically substituted site, while the remaining nuclei are fixed in space. The ZPE values
obtained using LRC-wPBEh-D3/6-31G(d) method, listed in Table 1, suggest the following: (1) the ZPE of CH bond on the thiophene is lower in
the crystalline P3HT compared with that of the isolated or “free” chain, thus, stabilizing the crystallization of P3HT; (2) this stabilization is larger
for the proton compared to the deuteron. The ZPE of the CD bond is v/2 times lower than the ZPE of the CH bond as expected from the normal
modes analysis. The isotope dependence of Azpg is very small for a single thiophene substitution, but collectively, for a relatively high molecular
weight and with all thiophenes substituted, it may account for the experimentally observed changes in crystallinity.

The vibrational motion of H and D is coupled with vibrations of the thiophene ring, particularly with the carbon atom directly bound to the
H/D. This appears in the harmonic oscillator model via the change of the reduced mass of H/D. Let us consider possible effects of the ring vibra-
tions on the NQE of H/D substitution. To that end we have truncated our 408 atoms model to 66 atoms (Figure 4A) and optimized the geometry
of the central thiophene ring with the attached H/D (six atoms in total) employing LRC-wPBEh+D3/6-31G* method. Then the normal modes
analysis was performed for the six atoms in the three following scenarios: (a) vibrations of the H/D completely decoupled from the rest of the
thiophene ring, three active modes in total (b) vibrations of the H/D and of the nearest neighbor C atom coupled together, six active modes in
total, and (c) vibrations of the H/D and of the full thiophene ring coupled, 18 active modes in total. In the truncated, 66 atoms model the 60 atoms
not considered in the analysis are fixed in space, while the nuclei excluded from analysis were assigned unphysically large mass (500 amu).
Selected modes, most relevant to vibrations of H/D and enumerated from highest to lowest, are listed in Table 2. The contribution of H/D into a
particular mode can be easily estimated from the effective mass of that mode y, since we have just one H/D included into the analysis.

For a single relaxed nucleus, H or D, the three modes obviously describe the stretch (str), in-plane (ip) bend, and out-of-plane (oop) bend, with
the expected scaling of H/D frequencies of v/2, and effective masses of 1.0 and 2.0 a.m.u. for the proton and deuteron, respectively. The in-plane
bend is the mode most aligned with the dipole moment. Including the carbon nucleus into vibrations increases the stretch frequency by 4% and
8% for CH and CD, respectively, which corresponds to simply using effective masses of CH and CD instead of those for the proton and deuteron.
The most relevant in-plane bends are the modes most “orthogonal” to the stretch, which we estimate by computing the angle between the two
motions of H. For the two-atom case (H and C are relaxed), the in-plane mode frequencies shift significantly and in opposite directions for H and
D. In the H/D-ring analysis, the frequencies and masses of the CH/CD stretch are essentially the same as in the two-atom case, which indicates
that this mode is uncoupled from the remaining modes. The in-plane bends show significant coupling of the proton to the ring, and even more so
for the deuteron.

In the H-ring (six-atom) case, we can identify the mode n = 5 as the most relevant in-plane bend involving the proton: it is orthogonal to the
stretch and has a lighter effective mass (1 = 1.9 a.m.u.), compared to the next mode n = 7 (¢ = 6 a.m.u.). For the deuteron the most relevant are
the modesn =7 andn =8 (u = 3.9 and ; =5.6am.u.) at 13" and 11" away from orthogonality, respectively; both of these modes are of higher
frequency than the in-plane bend in the one-atom normal modes description. These modes are sketched in Figure 4, where the vectors indicate
the direction of motion and the vector length the contribution of each atom to the modes. The direction of the stretch is along the CH/CD bond.
From this comparison of the two-atom and six-atom modes, we conclude that CH/CD stretch is weakly coupled to the rest of the modes, and that
the in-plane bending motion of H/D involves the entire ring. Inclusion of the ring vibrations lowers Ay,p = ZPEy  ZPEp by 7.3% for the stretch
and by 19% for the in-plane bend with the lightest effective mass. In the H/D-ring model, there is also the second in-plane bending mode involv-
ing H/D, making an additional contribution to the isotope effect on the ZPE.

Overall, the isotope effect on the ZPE is Ay,p = 3.37 mE, when just the H/D is included; Ap,p = 3.28 mE;, when just the nearest carbon atom
or 3.27 mE, when the thiophene ring is included into the normal modes analysis. For reference, the isotope effect on the ZPE computed at the
experimental geometry (with the positions of H/D at the ring substitution site optimized), is 3.43 mE;, in the crystal and 3.39 mE, for the free

TABLE1 The normal modes ZPE of the protonated and deuterated P3HT in the crystal and in gas phase, that is, for a “free” isolated chain. Only
modes of the hydrogen/deuterium of the thiophene ring are included. Azpe is the difference of the ZPEs: Azpg = ZPErystai  ZPEfree. The
electronic structure method is LRC-wPBEh/6-31G(d)-D3, and the energy values are given in mE,
Proton Deuteron
ZPEcrystal ZI:)Efree AZPE ZPEcrystaI ZPEfree AZPE
11.569 11.652 0.083 8.184 8.243 0.058
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(A) full single chain (B) proton n =5 (C)proton n =17

FIGURE4 The molecular model (A, D) and the in-plane bending modes, most “orthogonal” to the CH (B, C) and CD (E, F) stretching mode for a
relaxed H/D coupled to the thiophene ring. The full chain (A) is truncated to 66 atoms (B). For the latter the mode coupling for the six circled
atoms, which are at the center of panels (B, C, E, and F), are isolated by assigning “infinite” masses to the remaining 60 atoms. The effective
masses and angles of the modes are listed in Table 2. The panels (B, C) show the modes n = 5, 7 of H coupled to the ring; mode (C) is orthogonal
to CH stretch, but is mostly the symmetric C—S—C stretch, rather than in-plane bend of H. The panels (E, F) show the modes n = 7, 8 of D
coupled to the ring; in-plane bend of D is coupled to the S—C stretch (the bond opposite D) in both cases

chain. Based on these considerations, we expect that the quantum description of the proton/deuteron, while all other nuclei are fixed in space,
will produce reasonable estimates for the NQE due to the PES anharmonicity and dipole anisotropy. A more rigorous analysis should include
(at least classical) motion of the nuclei of the thiophene ring. Additional factors, influencing crystallinity of isotopologues, that is, the isotope
dependence of molecular polarizability and dipole-dipole interactions, are described next.

4.2 | The PES anharmonicity and the dipole moment variation

The eigenfunctions, incorporating the PES anharmonicity and the dipole moments, computed as functions of the nuclear coordinates, enable
examination of the dipole moment variance. Figure 5A-C shows two-dimensional projections of the vibrational ground state (green surface) on
the xy, xz, and yz planes superimposed on the appropriate two-dimensional slice of the PES (blue surface). The variations in the dipole moment
are illustrated in Figure 5D-F. The axes labeled x, y, and z in all plots of Figure 5 are the displacements of the quantum nucleus from its equilibrium
position. The displacement along x corresponds to —CH stretching (elongation), while y and z correspond to, respectively, in-plane bend and out-
of-plane bends. The maps of the dipole moment variance projected on the xy, xz, and yz planes are shown in panels d-f of the figure. The length
and direction of the vectors on these panels correlate with the xy, yz, and xz components of the dipole moment shown at the grid positions. In
each case, the coordinate not plotted on the axis is set to its equilibrium value, that is, the displacement is zero. The color map and contour lines
in panels (d-f) emphasize the changes of the dipole moment magnitude, while the arrows illustrate the changes of its direction.

Comparing the anharmonicity of the PES landscape (panel a) with the corresponding color map of the dipole moment variance (panel d), we
observe the opposite trends in their coordinate-dependence. The negative x-displacement (shortening of -CH bond) is in the region of a steep
repulsive wall of the PES, whereas the change in the dipole moment is small. Contrary to this, the positive x-displacement (elongation of —CH
bond) is where the PES flattens and the dipole moment changes significantly. Examination of the displacement along y and z shows that whereas

the PES for the bending modes is fairly harmonic (oval contours in panel [c]), the pattern of the dipole moments is quite different. The PES
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TABLE2 The partial normal modes in P3HT for H/D, CH/CD, and H/D bound to the thiophene ring in the center of the molecular model. The
difference in the ZPE is computed over all modes as Ay,p = ZPE;  ZPEp. Selected modes with light effective masses, indicating significant
contribution of H/D are listed. The angle between the direction of CH/CD stretch (str) and in-plane bend (ip) is given for the two-atom and
six-atom vibrations. The modes are enumerated from highest to lowest frequency. Symbols str, ip, and oop denote CH stretch, in-plane bend, and
out-of-plane bend modes, respectively

Proton Deuteron
Mode o [em™ Type Ueff Angle w[em™] Type Ueff Angle
H/D relaxed: Ap/p = 3.37 mE,
n=1 31323 Str 1.01 - 22255 Str 201 -
n=2 1217.3 Ip 1.01 - 865.4 Ip 2.01 -
n=3 754.6 Oop 1.01 - 536.8 Oop 2.02 -
H/D-C relaxed: Ay,p = 3.28 mE,
n=1 3256.4 Str 1.09 - 24134 Str 2.35 -
n=2 1383.1 Ip 1.87 87.3 1262.3 Ip 7.59 103.4
n=3 1039.7 Ip 211 69.2 936.0 Ip 6.06 37.6
n=4 957.9 Ip 4.52 35.5 793.9 Ip 2.28 85.0
H/D-ring relaxed: Ap,p = 3.27 mE,
n=1 3256.9 Str 1.09 - 2417.0 Str 2.38 -
n=>5 1241.7 Ip 1.87 91.4 1186.0 Ip 10.5 143.2
n=7 11344 Ip 6.05 95.8 956.2 Ip 3.93 77.2
n=28 919.3 Ip 11.02 1394 899.1 Ip 5.60 101.3

anharmonicity is the largest in the stretching mode (the displacement along the x-axis in panels a-b and d-e in Figure 5), simply because of its stiff-
ness. The dipole moment variance in the region of appreciable probability density for the proton and deuteron (Figure 5 in Ref. [17]) is the most
significant in the plane of the ring (the in-plane bend). For the out-of-plane bending the main change in the dipole moment is its orientation. The
analysis above indicates that although the infrared spectroscopy provides valuable information about polarizability and changes of the dipole
moments, there is no direct correspondence between the changes of the potential energy and the infrared absorption. In fact, it suggests that the
power spectrum is a more appropriate tool to analyze the PES anharmonicity, since it is insensitive to the changes of the dipole moment and it
directly probes the PES landscape.

4.3 | The dipole interaction energy

Crystallization of polymers and self-assembly of nano-structures are determined by the long range dispersion and electrostatic forces [18-2036] |

P3HT the main electrostatic contribution, determining its stacking, is the dipole-dipole interaction 7). The LRC-wPBEh-D3/6-311++G(d,p) calcu-
lations show that the 3-hexylthiophene, which is the basic unit of P3HT, has the dipole moment of ~1.1 Debye. The dipole is localized near the
thiophene ring as sketched in Figure 1. The contribution to the dipole moment of 3-hexylthiophene from the aliphatic hexyl arm is negligible. In a
crystal the P3HT chains pack in such a way, that the thiophene rings are parallel-displaced and the dipole moments are staggered in the anti-
parallel arrangement as seen in Figure 2A. The anti-parallel orientation of the dipole moments, referred to as anti-ferroelectric, is energetically
favorable.

Let us consider the effects of quantum dynamics of the light nuclei on the interaction energy of the dipoles, defined by Equations (15), (19),
and (20). The quantum nuclei are the protons or deuterons of the DVR region. The interaction energies between the vibrationally averaged dipole
moments, located at different thiophene rings in the P3HT crystal, calculated from the perturbation theory of Section 2, are shown in Table 3.
The primitive cell of P3HT consists of four hexylthiophene units which are shown in Figure 2B and labeled with roman numerals from | to IV. The
first order perturbative term captures the mean interaction energy between two vibrationally averaged dipoles. Depending on the relative orienta-

tion of these dipoles this energy contribution, *

) can be either attractive or repulsive and it corresponds to the electrostatic interaction term of
SAPT. The term & for pairs -1V and II-1ll is repulsive, since their relative orientation can be considered as planar parallel. The relative orientation
between dipoles for pairs I-1ll and 1I-1V can be considered planar anti-parallel; hence, the interaction energy D between these pairs is attractive.
This contribution defines relative stacking of the P3HT chains and is included through DFT calculation for optimal structure except for the delo-
calization of H/D wavefunction.

@ is always attractive. It describes corrections to the mean interaction energy, &2, due to correlation

The second order perturbative term, &
of the fluctuating dipoles as detailed in Appendix-A. Analogously to its electronic counterparts, €inq a . g (OF €ing, B . a) describes relaxation of the
H/D wavefunction located on B (or A) in response to the perturbation, induced by the dipole located on A (or B). The &g, term describes the cor-
relation between instantaneous changes of the dipoles A and B due to fluctuations of the corresponding wavefunctions. Note, that the second
order perturbation terms are closely related to polarizability. Comparison of £? terms between H and D shows that edisp and ging are consistently

larger for H than for D. This suggests that the nuclear polarizability for H is larger than that for D.
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FIGURE 5 Projections of the ground vibrational state and of the dipole moment for the quantum proton bound to the thiophene ring of P3HT,
plotted as functions of the displacement (from equilibrium geometry) coordinates (x, y, z). Panels (A-C) show the ground state wavefunction (red,
thick black contour lines) for the proton and the corresponding PES landscape (blue, thin black contour lines), in the xy, xz, and yz planes,
respectively. In panels (D-F) the color maps indicate the absolute magnitude of the dipole moment variance, projected on the xy, xz, and yz planes,
respectively. The contour maps (black lines) show the absolute magnitude of the dipoles, while the arrows show the projections of the dipole
vectors on the respective 2D surface. The CH-bond stretching corresponds to the displacement along the x-axis, while the displacements along

y and z correspond to the bending modes

The DVR/DFT implementation described in Section 3.2 allows direct calculations of the mean dipole moment and the transition dipole inte-
grals defined by Equation (5). Due to the anisotropy of the dipole moment and asymmetry of the vibrational eigenstates, the transition dipole
moment integrals, some of which are listed in Table 4, are non-zero. As discussed in Section 2, the total dipole moment vector of the P3HT unit,
due to the proton/deuteron vibrations, can be partitioned into the stationary and fluctuating components. The RMS, vector of the dipole moment,
which can be taken as the measure of fluctuations in the ground vibrational state is [2.9, 11.0, 3.3] mD for the hydrogen and [1.9, 7.8, 2.2] mD
for the deuterium. The hydrogen/deuterium ratios are about 1.5 for the x-components and z-components and 1.4 for the y-component. The
dipole moment integrals are listed.in Table 4 for the eigenstates for zero or no vibrational excitations. The mean values of the dipole moment
operator for the hydrogen and deuterium isotopes vary within 1%. However, for the integrals involving excited vibrational states, the values are
consistently higher for the hydrogen compared to those for the deuterium by about 20%.

The transition dipole integrals enter the expressions for the dynamic polarizabilities, given by Equation (10). The polarizabilities for the in-
plane, out-of-plane bending, and for the stretching motions are shown in Figure 6. The dynamic polarizability has poles at the frequencies corre-
sponding to the vibrational excitation energies, which are different for H and D. Therefore, the magnitude of polarizability for H and D are com-
pared near the excitation frequencies for the same vibrational mode. The shift from the excitation frequency in wavenumbers is marked on the
horizontal axis of each panel. As seen in Figure 6B, the largest polarizability near the resonant frequency is for the out-of-plane bend, and the
smallest one is for the stretch. This indicates that the dipoles in the out-of-plane bending mode are the easiest to excite/polarize, while the same
for the stretching mode is the hardest to polarize. We also note that the out-of-plane polarization is about 30% higher for the protonic system
compared with the deuterium system. This suggests that it is easier to excite interchain correlations for the protonic rather than for the deutero-
nic species. The static polarizability, which is @ = O limit of the dynamic polarizability, displays very weak dependence on , <1% variation over
the range of 50 cm™. For » = O the static polarizabilities for the proton and deuteron vary within 1% once again: ay = 2.82 a.u. and ap = 2.79

a.u.
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TABLE 3 Analysis of the nuclear dipole-dipole interaction due to the quantum proton (hydrogen) and deuteron (deuterium) in the P3HT model.
The model and units are shown in Figure 2. The relative geometry of the dipoles is listed first. The energy terms, given in uEj, are computed
within the first and second order perturbation theory described in Section 2. The vector 2 = Rap specifies the separation between the dipole
centers. The symbols @5, ©g, ®ap represent, respectively, angles between Dy and &, Dg and &, and D, and Dg. The ¢ angle is a dihedral angle
between D, £, and Dg. The angles are listed in degrees

Units: A-B n-1v (]| 1-Il n-v 1-IvV -1

% [A] 4.1195 4.1054 3.9613 3.9613 4.5953 6.3729

On 118.30 118.30 118.30 61.696 118.30 118.30

Op 61.696 61.696 118.30 61.696 61.696 61.696

Ops 177.30 177.30 123.32 123.32 56.608 56.608

@ 140.72 140.72 140.72 140.72 39.178 39.178

Proton: Energy [microhartree]

@ s 1.30 x 107! 2.57 x 107" 2.33x 107" 1.02 x 107" 199 x 107" 2.77 x 1072
ind,A—

2. 221 x 1071 1.58 x 107* 1.06 x 107* 2.25 x 1071 4.94 x 1072 1.30 x 1072

&2 6.74x107° 6.83 x107° 2.76 x107° 2.77 x107° 179 x107° 1.36 x107
isp

£2 3.58 x 1071 422 x 1071 3.42 x 107! 3.30 x 1071 2.50 x 107* 408 x 1072

&V 1.28 x10*2 1.29 x10*2 5.41 x10*2 5.41 x10%2 3.47 x10*2 1.30 x10*2

Deuteron: Energy [microhartree]

2 s 1.27 x 1071 2.52 x 107! 230 x 107! 9.52 x 102 1.95 x 1071 2.69 x 1072
ind,A—

e o 2.16 x 1071 1.55 x 1071 9.90 x 1072 221 x 1071 4.72 x 1072 1.27 x 1072
ind,B—.

2 4.77 x107° 483 x107° 1.94 x1073 1.95x1072 1.26 x1073 9.52 x107°
isp

£ 347 x 1071 412 x 1071 3.31x 107! 3.18 x 1071 243 x 1071 3.97 x 1072

£V 1.36 x10"2 1.37 x10*2 5.42 x10"2 5.42 x10™? 3.48 x10™2 1.30 x10*2

This trend can be understood in terms of the normal modes picture. The dynamic polarizability of the harmonic oscillator is

2

2wo1 |du 2 1 u
_ Moy =L 21
a(o) wgi_wz 3X< [x|1) m(wcz)i_wz) X . (21)

where wos is the frequency of the harmonic oscillator, and we have used (0| x| 1) = 1/(2mwo,) for the transition dipole integral. Substitution of

o = 0 into Equation (21) reduces the denominator to the force constant equal to ks = mwgi, which is isotope-independent.

4.4 | The overall effect of the H/D isotope substitution on the crystal stability

Overall, the stability of the P3HT crystals is determined by the following contributions: (1) #  x interactions, (2) the electrostatic dipole-dipole
interactions, (3) the ZPE associated with H/D, (4) the dynamical interchain correlation of H/D motion. The electronic dispersion, determining the
x = stacking, is independent of the isotope. Together with the electrostatic interaction (whose leading term is the dipole-dipole interaction &),
it defines the overall crystal structure of P3HT and the anti-ferroelectric arrangement of the adjacent thiophene chains. The isotope substitution
affects the electrostatic interchain dipole-dipole force (thus, the stability of the PSHT crystal) through the variation in the expectation values of
the local dipole moments, averaged over the ground vibrational state wavefunction. That is, the asymmetry of the vibrational wavefunction due
to the PES anharmonicity, and the anisotropy of the dipole moment result in the deviation of the dipole moment from its value at the PES mini-
mum. This deviation is expected to be larger for H than for D. We estimated the effect of the H/D isotope substitution on the dipole-dipole inter-

action using the ground state for H'and D from DFT-DVR and the first order perturbation theory. Our results suggest the nuclear wavefunction

TABLE 4 The dipole and transition dipole integrals, computed within the DVR-DFT description of the quantum proton and deuteron in P3HT.
The vibrational energy, E, for the Kkt state is given in mE,. The quantum numbers {I, m, n} describe the in-plane bend, out-of-plane bend, and the
stretch, respectively

State
labels Proton Deuteron
k Imn}  E (0l x| k) (Ol yl k) (0l 21 k) Ei (0l x| k) (Ol vl k) (0l 21 k)

0 000 1143831 9.63x 107! 2.57 x 1072 518 x 107 8.10997 9.70 x 1071 2.61 x 1072 513 x 107!
1 001  14.86221 1.95 x 1072 1.04 x 107 3.89 x1073 10.54077 1.62 x 1072 879 x 1072 3.32x1073

2 010  16.85546 3.60 x 1072 1.07 x 1072 527 x 1072 1195388 2.94 x 1072 8.85 x1073 4.44 x 1072
9 001 2507164 295x 1072 8.96 x107* 207 x 1072 17.83907 241 x 1072 546 x107* 1.64 x 1072
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FIGURE 6 Dependence of the dynamic polarizability on the frequency w of an external electric field of the quantum proton and deuteron for the
modes of nuclear motion: The in-plane bend (A), the out-of-plane bend (B) and the —CH stretch (C). The shift from the resonance frequency,
listed below each panel for the proton and (in parenthesis) for the deuteron, is given on the horizontal axes. The polarizability is in a.u

averaging makes P3HT more stable (lowers the energy by about 12 uE,) compared to the deuterium-substituted species for each H/D main-
chain substitution (Table 5).
The effect of the isotope substitution on the ZPE is attributed to the isotope-specific changes of the force constant due to interactions with

the adjacent P3HT chains. In the harmonic approximation this effect can be estimated as

_ Keree . kcrystal _ /Mu
Adzpe = \ my (1 Keree ! mp)’ (22)

where Kerystal and keree are, respectively, the force constants for CH/CD bond in the crystal and in gas phase, while my; and mp are the masses of
H and D. Within our model the stabilization, due to the ZPE lowering, is larger by 25 uE;, for the protonic compared to the deutertonic species.
Finally, the correlation of the H/D motion estimated from DFT-DVR wavefunctions for H and D employing the second order perturbation &2
contributes about 0.5 uEj, to the interaction energy. The corresponding isotope effect on the stability of the protonic species is on the order of

0.010 pE,, per each thiophene unit. We note that the current model includes only correlation of the nuclear motion of quantum H/D from differ-

ent monomers and neglects the coupling between the nuclear fluctuations and electronic polarizability within a molecule. Thus, 0.010 uE,, repre-

sents the lower bound correlation energy.

Overall, all three isotope-dependent contributions (ii-iv) to the stability of the P3HT crystal point to the decrease in stability upon main-chain
deuteration of P3HT. According to our estimates, the effect of the H/D isotope substitution in P3HT is the most pronounced for the ZPE; the
effect on the dipole-dipole interaction, averaged over the ground vibrational state, is about twice smaller; the effect of correlation in H/D motion

is two orders of magnitude smaller than the ZPE and plays minor role in stabilization of P3HT.

5 | SUMMARY

In this work we have presented the formalism of describing NQE on molecular dipoles, polarizabilities, and dispersion interactions. The effect of

the nuclear motion, that is, the delocalization of the nuclear wavefunction, is included within the second order perturbation theory, using the

TABLE5 The nuclear quantum effects of the H/D isotope substitution on the stability of crystalline P3HT per single thiophene unit. The ZPE
(equivalent to the zeroth order perturbation), interchain dipole-dipole interaction with wavefunction delocalization included (the first order
perturbation theory) and the interchain dynamical correlation (the second order perturbation) are listed. All terms are averaged over the
thiophene units in the primitive cell (Figure 2). The perturbation terms include the interaction of the primitive cell units with those outside the
primitive cell; the interaction within the same chain is not counted as it does not contribute to the crystallization. All energies are in uE,,

E [uEs] ZPE e e?
Proton 83 287.02 0.519
Deuteron 58 299.72 0.509

En Ep 25 12.7 0.010
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ground vibrational state as a reference. For a practical implementation suitable for a realistically sized system (408 atoms in our application to a
P3HT crystal) the molecular model has been divided into MM, QM, and DVR regions, the latter describing a single quantum nucleus on a Carte-
sian grid in three dimensions. This approach enabled calculation of the electronic PES and dipole moments, associated with the quantum nucleus,
directly at the grid points, bypassing construction of the analytical PES or interpolation between the grid points. The charges representing the
MM region have been obtained from DFT calculations (LRC-wPBEh/6-31G(d) method) and used in the QM region to represent the crystal envi-
ronment of a single PSHT unit of 27 atoms. This reduction in size allowed us to employ a more accurate ES method (LRC-wPBEh-D3/6-311++G
(d,p) method) in the QM region while constructing the PES and computing the dipole moments for a delocalized quantum nucleus. The formalism
is quite general, and the implementation can be extended to several quantum nuclei.

The theoretical framework and its DVR-DFT implementation have been applied to understand the experimentally measured NQE on the sta-
bility and crystallinity of the main-chain protonated and deuterated P3HT polymer 7). Two main conclusions follow from our analysis. (1) The
reduced crystallinity due to the main-chain deuteration in P3HT is caused by the difference in the ZPE of the protonated and deuterated species
in the crystal versus an isolated P3HT chain. The inter-chain interaction and #  x stacking causes lowering of the force constants and decreases
the ZPE of hydrogen and deuterium, contributing to the stability of crystalline P3HT. The ZPE stabilization is larger for hydrogen than for deute-
rium (Table 5). (2) Isotopic substitution leads to a 30% decrease of dynamic polarizability for D near the frequencies corresponding to the underly-
ing vibrational modes. Thus, we argue that while the isotope-dependence of the ZPE stabilization is already consistent with the experimentally
observed trends, the NQE on the dipoles and polarizabilities should be considered as well, when it comes to the isotope-dependent crystallinity.
In this study, the isotope-related changes in the dipole-dipole interaction energy are comparable in magnitude to the change in the ZPE stabiliza-
tion. The effect of the interchain correlation of vibrational motion and instantaneous dipole-dipole interaction also stabilizes the protonated spe-
cies, but is significantly lower than the ZPE and the vibrationally averaged dipole-dipole interactions. All-in-all, we suggest that the isotopic purity
is important for stability and certain properties of polymeric crystals and other molecular systems with long-range interactions. The changes in the
ZPE stabilization and in the dipole interactions upon the H/D substitution, assessed in this study of P3HT, encourage further experimental and
computational studies of NQEs.
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APPENDIX: THE SECOND ORDER CORRECTION TO THE DIPOLE-DIPOLE INTERACTION
ENERGY

The second order correction to the nuclear dipole-dipole interaction energy is evaluated in a basis of the vibrational eigenstates,
k+k >0
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k, k'
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(A1)

The indices k > 0 and k' = O label the eigenstates of the nuclei (protons) A and B, respectively. The ground state is described by k = k =0and
is excluded from the sum in Equation (A1). Distance % is the separation between the centers of the dipoles A and B. The denominator in
Equation (A1) is

Ay = eé + €g -ekA —ef, (A2)

Following the terminology of the perturbation theory for the intermolecular interaction (191 the terms of Equation (A1) are classified as
induction and dispersion,

2 @ 2 2
e? = si(ndAHB + gi(nngHA + gt(iis)p' (A3)

depending on the values of k and k. Altogether, there are three cases:
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1. ei(anAﬂB is the induction energy consisting of all terms with k = 0 and K > 0; it can be interpreted as the permanent dipole moment on
A inducing the change of the dipole moment on B.

2. ei(:c)iBHA is the induction energy consisting of all terms with k = 0 and k > 0; it is interpreted as the permanent dipole moment on B inducing

the change of the dipole moment on A.
3. efﬁs)p is the dispersion energy comprised of all terms with k > 0 and k > 0; it describes the correlation between the two instantaneous dipole

moments.

Denoting the matrix elements of the operator XA and its mean value YA (and likewise for other components of the dipole operators) as,

x;;:<jA|>2A|kA>, XA:<0|>2\0>, (A4)
the second order correction terms become:
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For completeness, the first order correction in terms of the matrix elements is

=L L (RN -227), (n)

Ao R°

and the total dipole-dipole interaction energy is the sum of Equations (A3) and (A3):

Epp—el) 462 (A9)
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Graphical abstract

Theoretical assessment of the nuclear quantum effects on polymer crystallinity via
perturbation theory and dynamics

Jacek Jakowski, Jingsong Huang, Bobby G. Sumpter, and Sophya Garashchuk

In the case of poly(3-hexylthiophene), substitution of hydrogen with deuterium atoms of the main chain, but not of the side chains, decreases
crystallinity of the polymer chains. To gain a fundamental understanding of this isotope effect, a general formalism for the analysis of the dipole
moments, polarizabilities, and dipole interactions, associated with the quantum nuclei, is developed.





