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On the accuracy of intermolecular interactions
and charge transfer: the case of TTF-CA

Pilar Garcia®, Slimane Dahaouf, Claudine Katan’, Mohamed
Souhassofiand Claude Lecomtét

High-resolution X-ray diffraction experiments anthte of the art density
functional theory calculations have been performé&te validity of the
atoms in molecules approach is tested for nle@tral-ionic transition of
TTF-CA which involves a transfer of less than odecton between the
donor and acceptor molecules. Foremost, crystadiolgical data have been
wreassessed along the temperature-indugedtral-ionic phase transition
undergone by this charge transfer complex. Basedaocurate X-ray
structures at 105 and 15 K, topological analysisboth DFT and the
experimental multipolar electron densities allowekdailed characterization
of intra- and interstack intermolecular interacsoirect quantification of
1s the intermolecular charge transfer and the dipoden@nt are discussed.

3

1. Introduction

Molecular and hybrid organic-inorganic materialdlwiradually replace the harder
inorganic materials. The efficiency of some of thewaterials is linked to the
cooperativity concept which is widely used amonge tmolecular materials
20 cOmmunity. However, cooperativity is still not undsmod on physical and chemical
grounds; it needs thorough investigations of int@lenular interactions (hydrogen
bonds, van der Waals contacts, hydrophobicity, ghdransfer...) which is a very
big challenge for both experimental and theoretiocathods. This paper will
concentrate on the characterization of intermolaécgbntacs and on the estimation
»s 0of the molecular and atomic charges. Intermoleculaeractions are usually
experimentally characterized by crystallographic dRaman-IR methods:
conventional crystallography gives interatomic dmstes which should be compared
to the sum of the so called “ionic” or “van der VW&aradii which are defined from
statistical analysis of experimental interatomistdnces. IR or Raman methods
30 correlate intermolecular interactions to the vaoiatof typical phonon or molecular
group modes but the assumption are also empiricdlanly qualitative. Therefore
one has to go a step further by modelling accuyateke charge density in the
intermolecular regions: this will give a direct iesation of the molecular charges.
This can be achieved either by theoretical meth@dbsinitio, DFT) or/and accurate
35 high resolution crystallography? Once a model of the continuous charge density is
obtained, then a method has to be chosen for anglythe interactions and
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accurately estimate the atomic group or molecularges. This method has to be
used on experimental and theoretical charge dessiti
The charge concept of an atom is not based on palwimeasurable quantities
40 because it is subjected to atom partitioning. lat,fat is impossible to determine
unambiguously the atomic boundary inside which aoméc charge is located:
atomic charges depend on the form and the sizhefrtegration volume and on the
atomic orbitals used (Ab Initio Methods). Hirshfelchs proposed in 1977 the
stockholder scheme using an atomic weighting fuomcti

sph /psph (2)

pro

45
where p**" is the electron density of the independent ato Qh) or of the
promolecule §0 ro) When multiplied by the modelled densij@\I ) the function

gives an estlmatlon of the charge density of thatpm of the unit cell
== HfF & 2
p,(F) = p(F)w,(7) @

The limiting atomic volume is therefore given bytaeshold of w Such atoms have
s0 therefore some overlap. Coppérisas also proposed a method based on the Wigner-
Seitz method which defines an atomic polyhedronciwhioundaries are defined by

% ®)

Rag being the internuclear distance ang d@hd R; are “a priori” atomic radii. This
method which was used to estimate the charge ®ansfthe TTF-TCNQ material
relies on the van der Waals radii. In conclusidritase partitioning applied to both

ss experimental and theoretical models are based opri@i” assumptions. On the
other hand, Mulliken partitioning is only used with theoretical electron density
whereas the-P, refinement methoflis widely used by X-ray diffractionists only : it
assumes an expanded/contracted spherical pseuddatusity

p]( ) core(r) + PvaIK p}/al (K]-r) (4)

core val

wherep andp'® are HF electron densities of the free atoms. Othethods to
e estimate charges are potential fitted charffesWe have shown that these fitted

charges are very close to those obtained directly-B, refinement.

Bader ° proposed a topological analysis of the total etettdensity based on

quantum mechanics: the whole molecular system énctitystal is represented by a

sum of non overlapping atomic basins: their boupdanface is limited by zero flux
es surfaces

Op(r).n(r)=0 ®)

Integration of charge, dipole and multipole momentde the atomic basins can be
performed. This last method can be applied to eogerimental and theoretical data




and has the advantage to characterise intermolemtieractions’ by bond paths
0 and charge density at the critical pointd,0(") = 0).
The present discussion proposes to address theamycaf such an approach on the
basis of up to date experimental and theoreticaulte obtained for a model
compound. The tetrathiafulvalene-p-chloranil (TCR; CgS;H,4-CCl,0,) was
chosen because it shows small charge transfer (rems 1e) via intermolecular
7s interactions that depends on various thermodyngraiameters (T, Fhv). The TTF-
CA complex is built from donor (D=TTF) and accepi@=CA) —D-A-D-A-D-A
stacks and undergoes a first-order neutral-ioni@sgh transition (NIT) under
temperature variation at a critical temperatureabbut 80K**'2 as well as under
pressure variation at a critical pressure of abblitbar'>**** N to | or | to N
so conversion can also be induced by photoirradiaisrwas shown by Koshihara et
al.'® allowing for time-resolved crystallography of suehtransformation at the
picosecond time scalé.
According to vibrational spectroscopy and absorptapectra experiment¥, the
charge transfer (CT)cg has been estimated to increase from 0.3e in tiphadse to
85 0.7 in the | phase. It has been shown that this bbbines along with a structural
phase transition characterized by the loss of isiear symmetry (P21/n to Pn space
group ) and a dimerization along the stacking akis.

Before getting onto the main purpose of this wamnkystallographical data need to
be reassessed along the temperature-indunedtral-ionic phase transition

s undergone by TTF-CA, to ensure appropriate startpgnt. Based on the
outcoming X-ray structures obtained at 105 and 15irra- and intermolecular
interactions are discussed on the ground of thelomy of both experimental and
theoretical total electron densities . Correspogdih (TTF) and A (CA) single
crystals have also been investigated to providecherarks. Quantification of the

os intermolecular interaction, charge transfer and thipole moments through the
topological analysis of the electron density widl discussed.

2. Experimental section

2.1 Experimental details
100
TTF and CA powders were purchased from Lancastdrpamified. Single crystals of TTF were
obtained by sublimation method. Chloranil crystakre obtained in acetonitrile solution. After a
few days of slow evaporation, prismatic yellow séngrystals appear in the solution. Single crystals
of the TTF-CA complex were grown by sublimationtieé component materials in a vacuum-sealed
105 Pyrex glass tube, which was placed at 79 °C inlectree furnace for several days. Dark prismatic-
like crystals were obtained.

The temperature evolution of the unit cell paramseteas studied using a home-made helium bath
cryostat®® specially designed for a four-circle diffractonretsjuipped with a 2D detector. The

110 sample is mounted on a two-circle goniostat plangtie Helium tail of the cryostat. This goniostat
is magnetically coupled to a master magnet fit keen arm of the diffractometer which allows the
orientation of the sample inside the cryostat. @éleparameters were determined by the analysis of
a set of 84 and 42 images, when cooling and warmggpectively, repeated from 110K to 50K,
with an accuracy of 0.02K.

115




For the structures and charge density determirgtithree-dimensional diffraction data were

collected on Enraf-Nonius Kappa and Oxford-Xcali®apphire2 CCD-based diffractometers with

MoKa radiation and a nominal crystal-to-detector diséanf 40 mm. The crystal was cooled from

room temperature to 105K with an Oxford Cryosystémspen flow cryostat’and to 15K with an
120 Oxford Diffraction Helijet open-flow He gas cryosgm.

Integration of frames and data reduction were peréal with DENZO?* and CrysAlis Red?

programs. The multiple integrated reflections waweraged using SORTAY? adapted to area

detector data. Internal agreement factors foratth ére given in Table 1. Only reflections haviizg |
125 30(l) were used in the structure and electron dets#tgt-squares refinements.

At 105K, TTF-CA crystallizes in the monoclinic sgst, space group H8 (systematic absences:
hOl, h+l# 2n; OkO, k# 2n). At 15K, diffraction intensities of (Ok0) witk=2n+1 do exist, while
reflections (hOl) with h+l=2n+1 remain systematigabsent in agreement with the loss of the 2
130 Screw axis, the space group of the ionic phaskes Pn. In order to compare both structures, the
coordinates x and z of the CI19 atom were fixeHiglh temperature (HT) structure values and only
the y coordinate was refined for the low tempeeailuT) data. Sorted data were merged in the m
point group, and anomalous dispersion correctioereywerformed as described in Souhassou?t al.
Experimental details are reported in Table 1.
135
Molecular structures of TTF-CA were solved by diretethods and subsequent Fourier analysis,
then, refined, with a full-matrix least-squaredrreent (independent atom model IAM, SHELXL-
97)% Hydrogen atoms were first constrained to positicositained from neutron diffraction
experiments? The final refined parameters were imported in® BMOLLY program to model the
140 aspherical electron densft§/After convergence of the multipolar refinementatéms were allowed
to relax as their aspherical electron density festuare taken into account in the multipolar
refinement, leading to unbiased H positions. Régem have shown that this method gives best C-
H bond distances close within 0.03 A to distancsally found from neutron diffractiof’

15 It is very important to note that, although the ewolles do not lie anymore on inversion centres in
the LT phase, molecular geometries are only skgtiformed, remaining almost centrosymmetric
as will be discussed later. This feature inducesngt correlations between charge density
parameters of pseudo symmetry related atoms. lerdodavoid these correlations, the following
approach was carried out: first all atoms positiansl thermal parameters were refined together

150 without any constraints or restraints until conesrce, and then the multipole parameterskah,
and R,) of atoms related by an inversion centre in thphidse were constrained to be equal. This
procedure leads to excellent statistical indexeR &asctors are smaller than 1.3%. The maxima and
the minima in the residual density maps do not edd®10eA=. The estimate of the average error
in the experimental electron density maps is 0.85'eas calculated b

o \V2 2 1 2 v
(o) =2 Sl HFul-e) |

155 This error is largely smaller in the intermoleculegion.
Aspherical modelling of the experimental X-ray sture factors provides the total electron density
distribution p(r) which is the main observable in the “Quantum Tieaf Atoms in Molecules”
developed by Badéf. The topology of the total charge density allowsiraque partition of the
density into atomic contributions, by defining atorbasin as the volume limited by zero electron

160 density gradient flux. Topological properties attical points (CP), as electron densifyfcp);
Laplacian, [1°p(rcp); electron density curvatures; , A, , Az ; local kinetic Gfcp) and potential
V(rcp), energy densities can then be used to describenthlecular structure and to characterize
bonding and intermolecular interactions. Topologarzlysis of experimental electron density was
performed analytically using the NEWPROP program.

165
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2.2 Computational details
170




Electronic structure calculations were performedthie framework of density functional theory
(DFT) using the local density approximation (LDAxrametrization by Perdew and Zungér
Becke's gradient correction to exchange enétgnd Perdew's gradient correction to correlation
energy* Calculations were carried out with the projectogmented wave (PAW) methddwhich

175 uses augmented plane waves to describe the fule viianctions and densities without shape
approximation. The core electrons were describetinvthe frozen core approximation. The plane
wave cutoff for wave functions and densities weéxed respectively to 90 and 360 Ry to ensure
required precision for topological analysis. Atorn@ordinates were obtained from experimental X-
ray data obtained after complete multipolar refieatnCA and TTF isolated molecule calculations

180 were conducted using tetragonal supercells (128.5 x 7.5 A for TTF and 12 x 12 x 7 A for CA)
including electrostatic decoupling from periodicaiges® For TTF-CA, crystal calculations were
performed with three k-points alom) .*” Topological analysis of theoretical densities welieved
with the InteGriTy software package using a gridapg smaller than 0.044 &,

18s Compared to indirect methods, previous DFT invesiin of CT complexes found that charge
transfer (@r) is overestimated in the HT pha¥e®, certainly due to the approximation used for the
exchange and correlation potential that suffermftbe well-kown problem of the self-interaction
error and to a much lesser extent from the missinthe dynamical part of the electron-electron
interactions in any local or semi-local approacl@se of the major effects of the too rapid decay

190 of the LDA (or even GGA) exchange-correlationigmtial is the strong charge delocalization, that
leads to a systematic overestimation gf ig the HT phase for instané®.

3. Results and discussion

195 3.1 Thermal behaviour of the cell parameters

The evolution of the cell parameters as a funatibfemperature gives a clear evidence of the phase
transition at T= 81K:a andc cell parameters display a slope anomaly, whifgresents an abrupt
jump; in all cases the contraction rate decreas#swbT.*" Fig. 1a shows that on cooling

200 decreases from 99.06(2)° to 98.68(2)° between 8284iK. However, when warming the increase
of the angle occurs between 82 and 83.5K. This hystecdstbout 1K is also observed on the
parameter (Fig. 1b) and confirms the observed ¢oniwf the intensity of the (0 3 0) reflectiéh.
Thus all the cell parameters are sensible to tleselransition, reflecting the 3D character of the
temperature induced transition which will be stddising AIM method.

205
3.2 Structural properties: Phase transition

The molecular structures of TTF-CA at 105 and 15khwatom labelling are reported in Fig. 2. In
the high temperature phase (HT, Tpthe TTF-CA space group is A2 (monoclinic), and the TTF
210 and CA molecules form mixed stacks alangxis (Fig. 2a). The TTF and CA molecules lie bath o
inversion centres respectively at (0 1/2 0) and2 (1/2 0) and all atoms are in general
crystallographic positions. Since D and A lie omersion centres, the asymmetric unit is made of
half a TTF molecule and half a CA molecule. Alohg stack, the TTF axis, corresponding to the
central G=C bond, forms an angle of 105.9(5)° with the CAQ-axis. As mentioned by Mayerle et
215 al. * and in agreement with the general trend obseme®dTF-XA (X=F, Cl, Br)***% the best
overlap conditions between the highest occupiedecubér orbital (HOMO) of D and the lowest
unoccupied molecular orbital (LUMO) of A are fuléitl when the angle between the O---O axis of
the XA molecule is almost orthogonal to that of fh€F molecule. An edge-on view of the
molecules shows several features of interest regartie molecular configurations and packing.
220 The distance between the TTF and CA molecular esritr the stack is about half tagoarameter
(i.e. 3.615(2) A). However, the mean planes of TH& and CA molecules are not parallel. The
dihedral angle is 1.6(5)°. This angle induces a&lcontact along the stack between a sulphur atom
S4 and the C15-C17 bond, which has an importantribation to the valence barid.This short
contact (i.e. 3.325(2) A) favours the intermolecitgeractions needed for the CT.
225
In the low temperature phase (LT, T9,Tthe crystal space group of TTF-CA becomes PnileVh
keeping the same lattice translational symmetry,diganic stack gets dimerized. The asymmetric
unit is made of one TTF and one CA molecules, witesgroids are shifted from their HT phase
positions, mainly along axis, e.g., the stacking axis: -0.08 and 0.1A for TTF and CA




230 respectively (Fig. 2b). TTF and CA form pairs ofadd A characterized by different intrang
and inter- (g pair distances, defined as the distances betwleenmolecular centres ig=
3.416(4) A and Ghe=3.785(4) A). However, as discussed in the dimerization p®ce$
tetrathiafulvaleng-bromanil (TTF-BA; GH.Sy CeBrsO,) “ it is more relevant to compare the
closest intermolecular contacts: the shortest awratom contact in the stack connects a carbon

235 atom of the central C=C bond of TTF to a CA carbonded to an oxygen. Due to the dimerization,
two different distances are observed: an intradi@r-C21 distance (3.136() and an interdimer
C2---C15 (3.531 (44), while in the HT phase both distances are egentaby crystal symmetry
(3.370 A). Other close contacts originate from the ovetgpwveen CA'st electrons and the,p
orbital of one of TTF's sulphur atoms, defining G-€ contacts. Two non equivalent contacts also

240 appear: the intrapair S11---C23-C15 is reinforeetitle corresponding distance reduced to 3.158(4)
A, while the interpair S4---C21-C17 distance in@eds 3.503(4)&. However, relative orientation
of D and A along the stack are comparable to thahe HT phase, the central C=C bond of TTF
forms an angle of 105.7(1)° with the O---O axe€Af and the dihedral angle between the mean
planes of D and Ais 1.1(1)°.

245
Intramolecular geometries of TTF and CA slighthange when cooling below.Tin this way, the
multipolar refinement shows an increase of the THE bond lengths. This effect is larger for the
central C=C bond, from 1.3678(&)at 105K to 1.3862(7& at 15K. An inverse effect at the limit of
the experimental accuracy occurs for the C-S bowih, distances decreasing from 1.7494(4) and

250 1.7500(4)A at 105K to 1.7429(8), 1.7440(9), 1.7439(9) andiag(9)A at 15K. This evolution of
the C=C and C-S bonds is related to the change-oingthe complex. The HOMO of TTF is
antibonding with respect to the C-S bonds a#fmbnding with respect to the C=C bonds, thus, when
ger increases, C-S bond lengths decrease, while Cer€ané'?

255 In the CA molecule all bond lengths are modifiee do the phase transition, i.e. by the increase of
ger- The single C-C bond lengths decrease, while Ce@bl® bonds increase. However the effect is
larger for C=0 and C-Cl bond lengths. The C=0 deuisnds increase from 1.2227@)at 105K
to 1.237(1)A for both C=0 bonds at 15K. The C-Cl bond lengtlss increase from 1.7062(4) and
1.7037(4) to 1.7234(9), 1.7190(9), 1.7176(9) ariL@2(9)A. Hence, as the LUMO of CA is

260 antibonding for both C=0 and C-ClI, these bondsease whendst becomes higher.

Finally, the | anisotropic thermal parameters at 15K are rougaly than those at 105K. This

usual behaviour, also observed in TTF-BAlargely contrasts with the trends observed irO®T

complexes, such as DMTTF-CA, where some anisotrtgitperature factors along the stacking
265 axis increase below 65K, suggesting an order-désdsgbe of phase transitidh.

We can conclude that the observed geometrical @saofjTTF and CA are due to the increase of
the qr between D and A in the complex. But, contraryhe heutron LT structur®, where the
bond lengths in half a TTF molecule are reportebed.-2% longer than in the other half, this work

270 shows that the NIT does not induce such large réiffees. In fact, in the LT phase both TTF and
CA moieties remain almost centrosymmetric. Our lissare in agreement with recent synchrotron
results *® that show bond lengths differences of the orderthef estimated errors (0.004 A).
Therefore, such small differences cannot charaetetiie phase transition. One reason for the
discrepancies between neutron and X-Ray structanises from the small observation/parameter

275 ratio that allowed only for isotropic estimation@ébye Waller factors in the neutron case whereas
a full multipolar refinement was performed on X-kdata.

280 3.3 Charge transfer and volumes

CT is at the origin of the very interesting eleoim magnetic and optical properties of the CT
complexes, and therefore its accurate determinai@ssential to understand, classify and control
them. However, as discussed on the introductorggraph, it is not a well-defined quantity and
285 there are several experimental and theoretical odsthio calculate it. For TTF-CA, it has been
estimated from the CT absorption batd from vibrational spectroscop¥/“® and by empirical
relations betweenqg and D or A geometr§®. All these methods lead per se to indirect estionati
of ger. In order to avoid both transferability problenmslaat the same time to allow for more direct
determinations of &, these determinations should be obtained froninsitr properties, e.g., the
290 electronic structure of the CT complex. These Hasady been achieved for a couple of NIT




compounds on the basis of DFT calculatid in particular using "Quantum Theory of Atoms in
Molecules"*® For TTF-CA, integration over atomic basins leadscgr of 0.48 and 0.64 e
respectively at 300 and 40K. Clearly;rds overestimated in the HT phase due to the ajpation
used for the exchange and correlation (see se2t®)n

295
As discussed above and observed in several TTRibaseor molecules®, oxidation of donor
molecules produces variations in the central C=€ @S bond lengths. First principle studies of
TTF ** and CA® isolated molecules in different oxidation statesénestablished the linear effects
of molecular ionicity on bond lengths and seveihfational frequencies. In particular, C=0 and C-

300 Cl bonds of chloranil and central C=C and C-S bandETF are shown to be particularly sensible to
molecular ionicity. These dependences have beatetklo the contributions of the bonds to the
LUMO of CA and HOMO of TTF. However, it has beeressed that these linear relationships may
fail due to intermolecular interactions. Moreoveoncerning frequency, electron-intramolecular-
vibration interactions should not be disregartfeBxamination of the Cambridge Structural Data

305 Base has allowed Umland and co-workéi® establish linear relationships betweenand several
functions (ratio and difference) of these C=C an& QTF bonds. This approach was used to
estimate gr in TTF-CA ™ from experimental bond lengths: values of 0.4 @gde were deduced at
300 and 40K respectively.

310 Starting from our more accurate structural data,g$timates are-g=0.40 e at 105K and-g=0.65
e at 15K. However, if we consider the values of bioad lengths of TTF and CA reported for
different oxidation state¥} charge transfer variationAdcr) from 105K to 15K of 0.4 and 0.5 e
are obtained using C=0 and C-Cl bond lengths reéisegc From the TTF C=C and C-S bonds,
Agcr of 0.5 and 0.15e are obtained respectively. Whengubond lengths obtained for crystals of
215 pure TTF or CA as referencecfee 0) and the slopes determined by DFT calculafiti® results
become worse. Indeed, C-Cl bonds leaddio~-0.1 and gr~ 0.4 e, C-S to ¢ ~ 0.8 and gr= 0.9
e whereas the central C=C bond of TTF ¢p40.7 and gr = 1.1 e, respectively at 105 and 15K.
Thus, using such approaches to determigeig clearly hazardous, and it gives only qualigtiv
trends forAgcr. From all these linear relationshiggicr ranges from 0.2 to 0.5e at the NIT.
320 Therefore a direct estimation is needed, baseatonsic properties, like the electronic structofe
the complex. Experimentally, the charge transfer @ obtained from X-ray diffraction data in two
ways. First, a refinement in reciprocal space withodified spherical valence sheltR, formalism
€), according to equation 4, allows an estimatiothef net atomic charges. A similar method was
proposed by Espinosa et &° to estimate the charge transfer in bis(thiodimiethg)-
325 tetrathiafulvalene tetracyanoquinodimethane (BTDMHTICNQ, GoHsSs"CiHaNg) using a R
multipolar refinement , the atomic net chargeslmaobtained as:

— val 7
q'_Nj_Pj (7)

J

The obtained charge transfer for BTDMTTF-TCNQ (@)'has to be compared with the value
derived from the diffuse scattering experimentsep. **
Both x-P, and R, refinements have been performed in TTF-CA usirgtebneutrality constraint,

30 i.e. the total charge of the unit cell is zero. $hinese two approaches lead respectively to charge
transfers of of 0.14+0.05 and 0.06+0.05e at 105Kijlevthe values increase to 0.67+0.03 and
0.65+0.03 e at 15K. There are not significant défees between the results obtained which show
the consistency of the X-ray method.

ass Finally, the topology of the charge density progidaother tool to determine the charge transfer, as
the sum of the atomic topological charges obtaimgdntegration of the experimental/theoretical
charge density over the atomic basins of all atofmsach molecule leads to the molecular charge
and thus to g. These molecular charges and basin volumes obitairelisted in Table 2 and are
compared to those obtained for the CA and TTF sirggystals. Within TTF-CA at 105K, the

340 experimental charges of CA and TTF are respecti@®B2(2) and 0.20(2) e, increasing to -0.71(2)
and +0.77(2) e at 15K. Consequently, the experiategt is 0.21 + 0.02 at HT and 0.74 + 0.02 at
LT, andAgcr =0.53 e. The same approach using the theoretieaige density leads teor 0.64e
for the LT phase. How can we gauge our approadis?, [ur values are in pretty good agreement
with thex-P, and R, derived charges. Secondly, considering that tlitecefi contains two TTF and

345 two CA molecules, a comparison between the voluttezl fby the atomic basins and the unit cell
volume allows for gauging the accuracy of the méshd®ummation of the atomic volumes (Table
2) reproduces the cell volume within less than Q.36 both temperatures at experimental and




theoretical levels. This nicely demonstrates th#italof such approaches to tackle such small
changes, especially regarding atomic quantitiesreGaively, the net integrated charge of the unit
350 cell is also very close to zero.

As the temperature decreases from 105K to 15KTTifevolume decreases froml.5-2.5 %, while
the CA's volume remains almost constant. In fagtCa@ increases, TTF looses electron density in
favour of CA and volume reduction follows. Moreovérom experiments on TTF-based CT
355 complexes® and ab-initio calculation¥ it is well known that the geometry of TTF is respive to
environmental effects and phase transitions. Orother hand, the CA electron density increases
with CT while lattice parameters shrink, thus maining constant the CA molecular volume.
Additionally, CA peripheral atoms contain a largember of core electrons that prevents large
volume variations compared to TTF. This is particiyl clear when volumes obtained within a TTF-
360 CA crystal are compared to those obtained on piifeand CA single crystals (Table 2).

3.4 Dipole moment

The calculation in the crystal axis system of timpt moment for the dimer in the ionic phase can
365 be performed, considering both contributions: thet atomic charges and the atomic dipoles

obtained once the topological analysis has beermpleted. Obviously, the net charge contribution is

mainly along the stacking axie (-12.585, -0.086, 0.155) D. But the contributiohthe atomic

dipole moments, (16.293, -7.027, 0.457) D, is lagmost lying in thegb) plane reflecting not

only the n-n interactions between D and A (aloma, but also interstack interactions that are
370 dominated by hydrogen bonds as will be discusssédtion 3.6.2.

Following dimerization, a ferroelectric dipole momte/\ U= dimer —Llinterdimer@ppears. Values of 0.36
D in the stack and 0.72 D in the unit cell are fufhe corresponding dipolar energy,

W= (A p) 2/ 4neoV, % where V is the volume occupied by the dipole moiisrs.63x1GJ. This
small value compared tgsKy. (Wd / ks=4.8K) shows that long-range dipolar interactiores ot
a7 the driving force for the NIT, in agreement wittepious findings®

3.5 Covalent bonds

A gquantitative comparison of the covalent bondergjth can be derived from their topological
380 properties. For each type of covalent bond, simfidmtures are found irrespective of molecular
environment, e.g. in TTF-CA, TTF or CA crystals éor calculated isolated molecules.

Accumulation of electron density is particularlysile in double bonds, the highest density being
observed within the C=0 bond. The Laplacian ofdhesity also reveals the oxygen lone pairs and
the non bonding valence shells of both chlorine antphur atoms. Interestingly, while other
385 covalent bonds show almost eqaalandA, curvatures at CPs, indicative of cylindrical synmye
perpendicularly to the bonds, the andA; values obtained for all C=C bonds differ signifitg
(about 30%).
The NIT affects clearly all bond critical points easemplified by the C2=C9 bond, for which the
distance increases from 1.3678(7) to 1y.3862(7}1é,ctensity decreases from 2.16 to 2.45 and
300 [1%p(rcp) changes from 21/46° to 18 e\® when decreasing the temperature from 105 to 15K.
Again, this is directly related to the bonding cwer of the C=C bonds in the HOMO of TTF. Both
C-S and C-Cl bonds are less responsive to CT iamiafFor C-S, the average experimental
(O %p(rcp) andp(rep) vary from -7.2 &5, 1.33 é\® at 105K to —6.2 &%, 1.31 & at 15K. These
values are in good agreement with the literattfr@n average, the C-Cl bond CPs lie at 0.76 A and
305 0.96 A from the C atom and the Cl atom respectivhyis is directly related to their respective
atomic volumes. Moreover, the valence shell chargecentration of the Cl atom is strongly
polarized toward the nearby C atom (bonded chamgeentration). In the direction of such a polar
bond, there is a lack of charge accumulation neamiore electronegative atom. This behaviour is
also characteristic of C-O and C-F bontfsDuring the NIT, C-Cl bonds lengths increase from
400 1.7045(4) to 1.7191(9) A in averagel *p(rc) andp(rce) change from -4.84° 1.40 & at HT to
-4.16A% 1326 at LT.
The overall agreement between theoretical and &wrpatal results is quite good for all bond CP
characteristics. Among the differences, theory gisgstematically slightly highex(rcp) than that
deduced from experiment and lower curvatures atbegoond pathAg) for all bonds except C=0.
405 The picture becomes more tricky for C=0 bonds:uated values of]%p(rcp) show pronounced

deviation from experimental ones, especiallyXarexperimental/theoretical values Bf %p(rce) are




-28/3 éA® at 105K and -19/-1 in average at 15K. Such a dscy between experiment and theory

has already been reported in the literature, apthired as originated by the different nature ef th

radial functions used in DFT and multipolar refirents.* It should also be underlined that,
410 because of the fast variation of the density altmg C=0 bond path, computations Xf and

O%p(rcp) are not straightforward, especially when workingh densities on grid®. However,

experimental and theoretiga(rce) are in excellent agreement: 2.91/2.71 at HT afi@d/2.63 & at

LT.

415
3.6 Intermolecular Interactions

Up to now, in the TTF-CA family, crystallographiaiestigations have characterized the
intermolecular interactions only by distances betwteracting atoms. Accurate electron density

420 studies may go a step further, using topologicallysis to describe H bonds and van der Waals
interactions by energetical quantities at the mtdecular CPs associated with the interaction. For
example, Espinosa et 81%°have shown exponential relations between the ehdegsity at CP and
the potential and kinetic energy densities at ClchSanalysis needs very accurate data and a
software able to calculate properties at the CRe(aithe density seldom reaches QA®)ewith a

425 good precision. Moreover, the corresponding gradibange is very small (flat density) makes the
determination of the bond path difficult. This ieee@ more difficult when van der Waals interactions
are concerned. The experimental studies descrieeel &re accurate enough to characterize the
topological properties at CP within a relative erestimated to a maximum of 20%. The most
difficult problem is to locate accurately the CPh&\ the density is obtained from analytical model

430 like multipole refinement, an analytical calculatiof the derivatives ofp(F) for estimating the

topological properties may be performet;in that way the errors are limited only to the
experimental error on the charge density. The tagiohl analysis of the DFT density has been done
on a grid®the positions and the properties of the CPS departtie grid size and to low extended
on the interpolation procedure when the chargeigeisslat.

435
3.6.1. Intrastack Interactions

Starting from the published structures at 300 ahék 4, Oison et al*” have conducted a thorough
ab-initio study of TTF-CA. Despite differences irolecular geometries discussed in sect. 3.2, our
440 experimental and theoretical findings on intermolacinteractions are consistent with their results
In particular, topological analysis of the chargmsity of the HT phase shows the existence of (3,-
1) CPs lying between TTF and CA in a plane parditelthe molecules. According to their
Laplacian, charge density and potential energy itlensnly the most important contacts are
reported in Table 3 and discussed here. The stsbegatact between D and A molecules is clearly
ass visible in Fig. 3a. At HT, a 0.06A¢% isocontour links the two molecules via the S45-C17
contact. This is directly related to the HOMO-LUM®erlap that shows up in the valence bahd.
The positive Laplacian (0.59/0.56A8) and the charge density (0.06/0.0$'3¢ at the CP are
characteristic of a closed-shell interaction (F2g). The agreement between experimental and
theoretical results is quite good, but discrepanei® observed in the CP locations and elliptiitie
450 as discussed previously. Experimentally, the CElaser to the C17 atom than to C15, whereas
theoretically C15 and C17 distances to the CP ardlas. Both experimental and theoretical
ellipticities are quite large. This is an indicatithat the difference in CP location arises from th
flatness of the charge density distribution. In g@me way, the central C=C bond of TTF is
connected to C15 in the experimental density an@1@ in the theoretical one, again with quite
455 large ellipticities. Moreover, both contacts inwlthe same carbon atoms of CA, namely C17 and
C15. Consequently, it becomes very risky to deduuether these contacts link individual atoms or
bridge over bonds. Increased theoretical and exgetial precision is required to come to a
conclusion for such low and flat charge densityaes.
Other (3,-1) CPs are found between the S5 atombattd chlorine atoms of the asymmetric unit.
460 These CI19---S5 and CI20---S5 contacts exhibitasiharacteristics with experimental positive
Laplacian of about 0.43A¢°, a small charge density of 0.04-0.08% and a potential energy
density of about -8.1 kJ/mol. CPs in Cl---S costace not very frequent in literature. Compared to
S---S contacts reported in L-cysti& Laplacian, charge density and potential energysity are
stronger.




465 In the LT phase, the creation of pairs of DA dimeesarly shows up (Fig. 3b) with an increase of
intradimer charge density. Due to the dimerizatioocess, different inter- and intra dimer CP are
observed (Fig. 2b, Table 3). The S---C-C intra dicoatact remains the dominant one, with a 81%
increase in its strength as measured by V(r). & dimer pair the strength of the C.--C-C and
S5---CI20 increases, while that of S5---CI19 ightl§i reduced. All inter-dimer contacts are

470 systematically reduced and the observed reductid@Pocharacteristics, such as potential energy
density, demonstrates their ability to investighta tiny structural changes. The overall agreement
between experimental and theoretical results ieqood.

475 3.6.2 Interchain Interactions

As c cell parameter is twice the length of the two ottrees, the stacks are too far alang allow
any atom to atom interactions. Consequently, comtaccur between stacks related by translation
alongb axis, and by the n glide plane symmetry which fiesén the ionic phase (P2 to Pn).

480 Interestingly, (3,-1) CPs are found not only on €-8, Cl---H and CI---S contacts between D and A
molecules, but also for S---H (D-D) and CI---CIfenes, as shown in Fig. 4a and in Fig. 4b; the
topological characteristics of the strongest ingais interactions for both HT and LT phases are
given in Table 4.

485 At first observed by the temperature-dependendkeothermal expansion tengdrand as discussed
by structure analysi® and DFT calculation§”® interchain hydrogen bonds are the dominant
interaction in TTF-CA for both inter and intra dtanteractions. In both HT and LT phases each CA
oxygen atom is linked to two TTF molecules throtigb different hydrogen bonds. First, as shown
in Figures 4a and 4b, the oxygen atoms acceptttbagest bond interaction: 018:--H6-C1 and

490 024---H13-C8 its symmetry equivalent in the HT phase almost linear in the [1, 2, 0] direction
and are reinforced in the LT phase, but asymméirjo@18:--H6 being the strongest. In the other
lone pair direction the 018---H14-C10 and O24-CHnteractions are bent and therefore weaker.
They are also strengthened in the ionic phase s ftbtential energy density increases by more
than 40%. This is related to the contraction ofdhestal which is the largest in the plane containi

495 this C-H---O network?

The fact that the H bonds are the dominant contatcll the intra- and interstack interactions
contrasts with the first idea of the quasi-one-disienality of TTF-CA. The CT was for a long time
considered to happen as a chain alarxis, with weak or no interchain coupling. In thiay, the

s00 electrostatic interaction between the stacks wasgrasd to be much smaller than the intrastack one.
However, as discussed above, the temperature evolot the cell parameters does not agree with
this assumption. Furthermore, as reported by Kawamod co-worker&, if the charge distribution
on atoms is considered, the electrostatic energyemm TTF and CA aligned along the [1, 2, 0]
direction is attractive and superior to the repidsine between CA molecules in thelirection; It

s05 IS in clear agreement with the above analysis efdipole moment. On the other hand, it is well
established that valence and conduction bands &alear one-dimensional charactehus, the
dimensionality of TTF-CA depends strongly on theganrty of interest.

In TTF-BA, the estimation of & by the Umland empirical metho seems to show that
s10 dimerization does not imply CT variation becausés thomplex is already ionic at room
temperaturd® Can we find a rational explanation by looking e tmolecular packing and the
corresponding intermolecular interactions? In TTA-Bspace group P-1 to P1), the D and A
molecules alternate alorsgandb crystallographic axes, the longest axes of then® & molecules
of the two different stacks being quasiparallelisTgeometry leads to bent H bonds, with distances
s15 Similar to those observed in TTF-CA and therefofeeguivalent strength. The main difference
between the two CT complexes comes from the halbgésgen (C1-X1---X2-C2) interactions.
Depending on the geometric parameters two typedatdgen-halogen interactions have been
defined®*®® In the first one, called head-on contact, both Mohds form a nearly collinear
arrangement, with contacts anglgs(C1-X1:--X2) and), (X1---X2-C2) around 160+10°. These
520 contacts may arise when a particular crystallogmapperation relates the two halogen atoms; the
interaction is repulsive as evidenced by the abstatic potentiai® In the second type, the
interaction is attractive and is called side-orpolarization-induced contact, one of the angles is
170+10° and the other 9018 The preference to form one of these two types albden-
halogen contacts is related to the polarizabilitghe halogen atoms. In TTF-BA attractive type Il
s25 interactions occur along the [1 1 1] and [1, 1, ditkctions with Br---Br distances of 3.566(3) at

10



100K and 3.540(3)& at 15K, much smaller than the sum of van der Wead§ (3.70A). In TTF-

CA, Cl---Cl interactions are repulsive type | intgions with distances of about 3.470(3)A close to

the sum of van der Waals radii (3.50A).

In conclusion, attractive interactions lead to X-distances smaller than van der Waals contacts,
s30 Whereas the repulsive Cl...Cl interactions do naivalsuch shortening. Topological parameters of

the CI---Cl contacts do not change very much upemphase transition, as shown in Table 4.

4. Conclusion and perspectives

535
Accurate X-ray measurement and electron density effiod is a necessary tool to directly
investigate intermolecular interactions and tinyargfe transfers. For the TTF-CA crystal, the
topological analysis of the intermolecular interaas using theoretical DFT and experimental
electron densities show that C-H---O interstacktamt® are the strongest interactions and are
s40 reinforced in the LT phase, whereas the strengthefCl---Cl interactions, which may be repulsive
in that case, do not change when crossing theiti@nsThe role of the latter is still not clearcan
needs further discussion as for example electiogiatential calculations.
This study also demonstrates that agreement bettheeny and experiment is not fully satisfactory
and requires more accurate calculations and madeltheory is not able to reproduce the charge
s45 transfer occurring during the NIT and both expenimand theory disagree in the position of the
critical points of some important intermoleculateiractions as Cl---Cl for example. More critical is
the disagreement for finding the C2=C2.--C15 (df)@iteraction pathway: both methods find a (3,-
1) CP with similar characteristics but experimewuld prefer a C2---C15 interaction when theory
finds a C2---C17 interaction. Therefore the preaentiracy does not allow to discriminate if this
ss0 interaction links individual atoms (and which atQrosbridges over bonds.
By comparison with previous worR , halogen... halogen interactions need a bettseripgion in
order to know when and why these interactions #raciive or repulsive and at which level they
compete with C-H---O interactions during the pheaasition process. In order to rank these
interactions charge density and related electiosfadtential of TTF —XA (X = F, Br, ) are
ss5 Underway using high resolution X-ray diffractiors: @ example Fig. 5 shows the contribution of the
Cl atom to the electrostatic potential of CA in tleaic phase; clearly two negative lobes appear
which should be related with the attractive or tsjwe behaviour of X:.-X interactions. Although
the potential distribution is the same than thateobed in the vicinity of the terminal halide ligan
of CHsCI ®®, where the electrostatic energy of the minimaB@ kJ/mol; in TTF-CA -25 and -148
s60 KJ/mol are respectively obtained at 105 and 15krdfioee, together with the TTF, CA and TTF-CA
charge densities, we will have a large panoramthefinteractions as a function of the charges,
multipole moments, polarizabilities of the haloggloms and of the geometry and environment of

the contacts.

s65 It has been shown that the charge transfer is natreambiguously defined quantity that can be
directly (charge density modelling) or indirectlgtienated from molecular geometry or IR spectra.
Although D and A molecular geometries are sensiblehe charge transfer, its estimation by
empirical models is only qualitative: examinatiohdifferent bond lengths leads to differengrq
values. Similarly, the variation ofcgis supposed to be proportional to the frequencyypical

s70 phonon modes (e.g., C=0 stretching modes of CA)reliher, these methods present inevitable
ambiguities: molecular geometries and frequencfesirgle TTF and CA molecules are used as

references, because those of TTF-CA wigh= and gr=1e are not known.

To our opinion the best way to determine the clargeains in the analysis of the experimental or
s75 theoretical charge density. The case of TTF-CA dempas been chosen because the CT is less
than one electron shared by 26 atoms. We have stmatrbothik-P, and B, models give similar

and realistic results for the charge transfer. Haxethey can not be compared with theoretical

results, except if we transform the charge denisity the theoretical structure factors. A direct

comparison is possible with a topological analygishe charge density as described by Bader that
s80 allows for a direct accurate estimation of the geatransfer occurring during the NIT (in the

experimental caséqcr=0.53€).
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In conclusion these results show that Kappa, nol#i@nd topological methods applied to X-ray
data lead to statistically similar results respesyi, Aqc =0.53, 0.59 and 0.53e. This raises the
sgs following question; why do we obtain such a goodeagent as the definitions of tkeP, and
topological charges are clearly differertP, (or multipolar) charges are integrated from reniait
space calculations on spherical volumes obtaineth fexpanded or contracted HF free infinite
atoms whereas the topological charges are intebiatéde very non spherical atomic basins of
limited volumes. It evidently leads to very diffateatomic net charges as shown in Table 5 which
s90 compares them in the LT phase.
An explanation may be the following: in TTF CA tblearge which we consider is summed up over
the whole TTF or CA molecule and the different sksapf atoms therefore has no real importance
because the charge is integrated over the wholeequlglr volume. Therefore, as there is an
electroneutrality constraint in the refinement m®x and as we have shown that the total charge
595 summed over all atomic basins of the unit cellrn$/e0.02 and 0.06e at 105K and 15K, instead of
zero (Table 3), the small differences between #iaes obtained from the two methods comes only
from the periphery of the molecules which electdensity is small. Therefore as both charge
partitioning agree it strengthens the X-ray apphndaut this conclusion drawn in this particular case

needs to be discussed and confirmed by other clestiations on other selected charge transfer
600 Materials or ionic species.
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705

Figures

Fig. 1a: Temperature evolution of the beta angle (°). Cap(tircles) and warming (triangles). The
710 standard error estimated on statistical groundGig0

Fig. 1b: Temperature evolution of tHe parameterz%). Cooling (circles) and warming (triangles).
The standard error estimated on statistical grdﬂl@dﬁ)OlA.

Fig. 2a Experimental critical points associated to ttiergjest intrastack contacts in TTF-CA at
105K and shortest distance (©215).

715
Fig. 2b: Experimental critical points associated to thiergest intrastack contacts in TTF-CA at
15K and shortest intra and interdimer distances{C21 and C2:C15 respectively).

Fig. 3a: Experimental total charge density at 105K. Isocarg of 0.065 a3
720

Fig. 3b: Experimental total charge density at 15K. Isooant of 0.065 & % the dimer is clearly
identified.

725 Fig. 4a Experimental critical points associated to thierggest interstack interactions at 15K.

Fig. 4b: Experimental critical points around CA molecatsociated to the strongest interstack
interactions at 15K.

730
Fig. 5. ('.A?\ontribution of the chlorine atom to the electas potential at 15K. Contours intervals are
0.02 e/A.
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Table 1

Table 1 Experimental details
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TTF CA TTF-CA TTF-CA
Formula GSH, C6C|402 C1254C|402H4 C1254C|402H4
M 817.33 491.72 900.38 900.38
T(K) 100 100 105 15
Crystal system Triclinic Monoclinic Monoclinic Moutbinic
Space group P-1 B2 P2/n Pn
Unit cell a=8.3101(BA | a=8.574(1A | a=7.2297BA | a= 7.1999(9A
dimensions b=12.7800(3A | b=5.690(1)A | b=7.59333& | b= 7.5556(6)
c=7.9582(1A | c=8.700(1)A | c=14.4980(9K | c=14.479(1LA
0= 99.627(3)°
B =95.906(3)° | p=105.937(8) °| p=99.15(3)° $=98.511(8)°
y= 101.083(3)°
Volume A% 817.33 403.43 786.2 (2) 779.02(13)
Y4 4 2 2 2
Reflections 141108/ 16513 85699 / 5445 168470 / 9237 7517634
collected/
independent
(Mo-Ka) (mm%), | 1.09, 1.10 1.41,1.19 1.28,1.14 1.29,1.16
Resolution A
Rint 0.0741 0.0269 0.0364 0.0266
R (I>30(1)) * 0.0142 0.0167 0.0141 0.0138

@ At the end of multipolar refinement.

Table 2

Table 2 Topological molecular volumes fRand charges (e), compared to those obtainedxafthanc
multipolar refinement. For TTF* and CAtlata are obtained from experiments on pure TTF@A
single crystals. Other results are relative to malles in single crystals of TTEA at either 105 or !
K.

TTF* | TTFOC | TTPX CA* CAT™ CA™
V exp 205.12 191.24 186.49 204.92 201.52 201.69
V theo 189.92 187.07 202.82 202.27
J exp 0.01 0.20 0.77 -0.02 -0.22 -0.71
g theo 0.54 0.63 -0.50 -0.64
q exp, Py 0.14 0.67 -0.14 -0.67
refinement
g exp, muit 0.06 0.65 -0.06 -0.65
refinement

Table 3
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Table 3 Topological characteristics of the electron denattgelected (3,-1) intrachain CH&e), , X, ,

A3 (e A) are the curvatures of the three principal axeshef Hessian matrix[]% (e A®) is the
Laplacian of the electron density, (e A®) is the electron density is the ellipticity value and V(r)
(kJ/mol) is the potential energy density. The valdg d,and d (A) represent the distances from the CP
to the attractors 1, 2 and 3. First line: experitakerlectron density, second line: theoretical tetet
density.

105K a1 a2 a3 0% | ° c VO " " "
S4-- C17-C15 1.816| 1.628 | 1.802 | 0.59 006 | 153 | 111 | 0.77 | 005 | 013
1818 | 1.692 | 1.688 | 0.56 006 | 566 | -11.0 | 072 | -002 | -0.14
C15.. Co.CoR | 1633 | 1742 | 2194 | 045 004 | 668 | 70 | 051 | 001 | -0.05
c17-- C2-C2R
1713 | 1.809 | 1.856 | 0.43 004 | 752 | -68 | 051 | -0.008 | -0.01
Ci19 55 1.843 | 1.851 0.42 005 | 044 | 81 | 057 | 006 | -0.09
1817 | 1875 0.45 004 | 024 | 72 | 061 | -006 | -0.08
Ci20 55 1797 | 1.840 0.44 005 | 122 | 82 | 058 | 004 | -0.10
1795 | 1.833 0.52 004 | 020 | -85 | 067 | -006 | -0.08
15K
Intradimer
Si1.. C23.C15 1730 1518 | 1811 | 0.74 010 | 042 | 202 | 119 | 018 | -0.26
1725 | 1.601 | 1.625 | 0.72 008 | 460 | 170 | 0.99 | -004 | -0.23
C17... C2.C8 1548 | 1710 | 1872 0.9 008 223 156 093 006 018
c17-c21--c8
1617 | 1.571 | 1.846 | 0.59 006 | 485 | 120 | 075 | -002 | 014
C20--55 1718 | 1.845 052 006 | 161 | -105 | 069 | 005 | -0.12
1762 | 1.792 0.62 005 | 052 | -100 | 078 | -006 | -0.00
C19--55 1.838 | 1.832 0.41 004 | 060 | 67 | 056 | 006 | -0.10
1.801 | 1.848 0.50 004 | 051 | -81 | 066 | -006 | -0.00
Interdimer
S4-- C21-C17 1.855| 1.738 | 1.967 | 0.38 004 | 185 | 64 | 050 | 003 | -0.09
1884 | 1.875 | 1.718 | 0.44 004 | 399 | -74 | 055 | -002 | -0.00
Ci25.-.512 1.819 | 1.890 0.43 004 | 088 | 68 | 059 | 006 | 0.1l
1.828 | 1.879 0.43 004 | 008 | -68 | 059 | -008 | -0.08
Ci26.--512 1.820 | 1.839 0.44 004 | 212 | 65 | 059 | -0.04 | 011
1.809 | 1.845 0.49 004 | 021 | 79 | 064 | -007 | 008

3 From experimental electron densftyzrom theoretical electron density. The differenicelcation of
the CP are discussed in the body of the paper.
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Table 4

Table 4 Topological characteristics of the electron densityselected (3,-1) interchain CFSame
comments as Table 3.

105K di d2 0% p € V(r) A3 X2 M
H6---018 0.881 1.396 1.21 0.06 0.05 -16.7 1.70 -0.24 -0.25
0.878 1.404 1.08 0.09 0.02 -20.2 1.75 -0.33 -0.33
H7---018 1.000 | 1.443 0.90 0.06 0.14 -13.9 1.26 -0.17 -0.19
0.971 1.453 0.88 0.06 0.04 -15.0 1.34 -0.22 -0.23
Cl20---S4 1.722 1.759 0.49 0.06 0.28 -10.2 0.71 -0.10 -0.12
1.757 1.723 0.54 0.04 0.08 -8.5 0.72 -0.08 -0.09
Cl20---Cl19 1.732 1.734 0.50 0.05 0.10 -8.8 0.70 -0.09 -0.10
1.743 1.738 0.56 0.04 0.14 -8.6 0.77 -0.09 -0.11
15K
Short
H13---024 0.827 | 1.343 1.47 0.10 0.03 -26.8 2.20 -0.36 -0.37
0.813 1.346 1.36 0.11 0.01 -29.0 2.32 -0.48 -0.48
H14.--018 0.901 1.387 1.28 0.09 0.07 -22.9 1.89 -0.3 -0.32
0.888 1.389 1.17 0.09 0.06 -21.9 1.86 -0.33 -0.35
CI20---S11 1.704 1.703 0.44 0.06 0.44 -9.7 0.75 -0.12 -0.18
1.721 1.683 0.62 0.05 0.06 -10.0 0.85 -0.11 -0.12
Cl26---Cl19 1.770 1.727 0.51 0.05 0.14 -8.9 0.73 -0.11 -0.12
1.747 1.753 0.54 0.04 0.15 -8.3 0.75 -0.09 -0.11
Long
H6---018 0.858 | 1.373 1.28 0.09 0.02 -22.9 1.90 -0.30 -0.31
0.857 1.389 1.16 0.09 0.03 -22.0 1.91 -0.37 -0.38
H7..-024 0.969 1.405 1.12 0.08 0.09 -19.5 1.64 -0.25 -0.27
0.935 1.425 1.02 0.07 0.08 -16.7 1.57 -0.26 -0.28
Cl26---S4 1.725 1.740 0.41 0.06 0.23 -9.5 0.71 -0.14 -0.17
1.751 1.711 0.56 0.04 0.12 -8.9 0.75 -0.08 -0.09
Cl20---ClI25 1.849 1.632 0.56 0.04 1.34 -8.0 0.62 -0.02 -0.04
1.745 1.733 0.56 0.04 0.14 -8.7 0.78 -0.10 -0.11
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Table 5

Table 5 Comparison betweex-P,, multipolar and topological net charges (e) ofnaoof TTF-CA at
15K, statistical errors are 0.02e.

735

740

TTF Atom C1/C8 C2/C9 C3/C10 S4/s11 S5/S12 H6/H13 Hi14
K-PV -0.26 0.13 -0.24 0.20 0.30 0.14 0.06
Multipolar -0.59 -0.23 -0.50 0.38 0.55 0.38 0.34
model

Topological -0.53 -0.23 -0.29 0.38 0.50 0.31 0.26
exp

Topological -0.14 -0.30 -0.13 0.28 0.33 0.14 0.13
theo

CA Atom C15/C21 | C16/C22 | C17/C23| 018/024 CI19/CI2§ IZD/CI26

x-P, 0.22 0.23 0.14 -0.42 -0.27 -0.23

Multipolar 0.32 -0.04 0.20 -0.44 -0.11 -0.25

Topological 0.92 0.05 0.30 -1.09 -0.19 -0.34

exp

Topological 0.95 0.08 0.08 -1.11 -0.16 -0.16

theo
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