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MSX Force Field and Vibrational Frequencies for BEDT-TTF (Neutral and Cation)
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BEDT-TTF is the donor of the highe§t organic superconductors. Isotopic shift experiments support an
electrorn-phonon coupling mechanism for the superconductivity. However, the vibrational levels have been
only partially observed and assigned, making testing of this mechanism difficult. In order to provide a complete
consistent description of all vibrational levels, we carried out HartFeeck calculations (6-31G** basis set)

to obtain the Hessians and fundamental vibrational frequencies of BEDT-TTF and BEDT-WWih these
Hessians and available experimental frequencies, we used Hessian-biased methods to develop the MSX force
fields for the neutral and cation BEDT-TTF molecules. Comparison of the calculated frequencies with the
available experimental frequencies for the neutral and cation BEDT-TTF molecule shows good agreement.

1. Introduction y
The organic superconductors all have in common organic

donor molecules derived from tetrathiafulvalene (denoted as H‘ﬁc/sn\c/sk SR\C /532,,,,,,,”’ i
TTF), tetraselenafulvalene (denoted at TSeF), or some mixture H— i \ / 3 3y,
of these two molecules, packed into quasi one- and two- , , - U ’ Cr=Cr ‘ ﬂ ”

X ; . oty & / B 0y,
dimensional arrays and complexed to appropriate electron ", T/ s Z\S/ on
32

acceptors. Figure 1 shows BEDT-TTF (denoted also as ET)
which is the donor of the best organic superconductors. About Figure 1. Definition of atomic types for the atoms of ET.
30 organic superconductors based on ET have been synthesized
with Te up to 12.8 K. Changes iffi; for various isotope shifts ~ of neutral and cation ET8 These results show that the TTF
indicate that electronphonon coupling is important for the framework forneutral ET is nonplanadeforming to a boat
superconductivity of these materials. However, experimental conformation with a well depth of 0.654 kcal/mol. However,
data on the vibrational modes is incomplete and does not supplythe TTF framework for the cation, ET is planar.
clear evidence about which vibrational modes are important for  The terminal six-membered rings are nonplanar in order to
the superconductivity. Consequently, we carried out ab initio avoid eclipsing of the CkH-CH, groups at each end. This
Hartree-Fock (HF) and force field (FF) calculations to obtain nonplanarity leads to two possible conformatiéfs:
all modes of neutral ET and of ET 1. Thestaggeredonformation indicated in Figure 1 in which
With appropriate electron acceptors some modifications of the two G—Cs bonds are pointing in opposite directions;
ET show superconductivity and some do not. The relation assuming a planar TTF central region, this lead3ieymmetry.
between superconductivity and the molecular or crystal struc- 2. Theeclipsedconformation in which the two €-Cg bonds
tures of these molecules has not yet been clearly identified by are parallel; with planar TTF, this leads®a, symmetry. These
the experiments. In this paper, we present calculated vibrationalconformations are essentially degenerate, differing by only
levels for the equilibrium structures of ET (boat) and*ET  0.000 052 hartrees 0.000 14 eV= 0.0032 kcal/mol (with
(planar). Using the calculated structures and Hessians with eclipsed lower). We will consider hereafter the higher symmetry
available experimental frequencies, we develop the MSX force staggered case.
fields for the neutral and cation ET molecules. These frequen- T4 determine the structure and vibrational modes of ET, we
cies compare well with the available experimental frequePéles  -5ried out ab initio HartreeFock calculations using the
and provide procedures for a number of unknown or uncertain g_31G#** pasis set3 Restricting the symmetry tB, leads to

levels. an optimized structure with two imaginary frequency vibrational
modes. The stable conformation is the boat structure @ith
symmetry (The optimized boat structure has vibration frequen-
2.1. Structures. The structure of ET is often discussed in cies positive, indicating a stable structure).
terms of D, symmetry, which assumes a planar structure for 2.2, Vibrational Analysis. Previous assignments of the
the central TTF moiety. The crystal structures of neutral ET vibrational spectra of ET have assumed planar molecule for both
crystal are consistent with planarity but show a distinct boatlike the neutral and cation cases. Planar ET would hBye
distortion!! Some deviations from planarity are also suggested symmetry for the staggered conformation a@g, for the
in crystals containing electron acceptors, ()" Here the  eclipsed conformation. For the staggered conformation this
EhT molecules often form dimers (B)T" sharing a single positive  |eads to fundamental modes with the following symmetries:
charge.

Recently we reported ab initio quantum chemical calculations I'(D,) = 19A+ 17B, + 18B, + 18B, 1)
[Hartree-Fock (HF) with 6-31G** basis set] for the structures

2. Results

*To whom correspondence should be addressed. To simplify assignments, Kozlov et &2 considered the ET
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. to be totally flat leading td,, symmetries (they were aware
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TABLE 1:

(A) Optimized Distances (in A) for Boat and
Planar ET Conformations and Experimental Distance (See
Figure 1 for Notation) and (B) Optimized Angles (in deg)

A. Optimized Distances

Demiralp et al.

cies for ET and ET molecules by Kozlov et &1° assumed

Do symmetry. We used the optimized HF geometries of the
neutral and cation ET to develop the force fields. Neutral ET
has C, symmetry and cation ET haB, symmetry. The
optimized geometric parameters (distances, angles, dihedrals)

ET ET+
for the neutral and cation ET molecules are given in Table 1.

MSX® HF MSX HF These structures are used in optimizing the force field (FF).
Cr—Cr 1 1.325 1.326 1.389 1.389 (For the neutral molecule, the optimized HF structure is
SC 4 1773 1.774 1.751 1.751 minimized to reduce the total force by using FF. The rms
Sz Ca 4 1812 1814 1816 1816 difference between HF and minimized structure (FF) are 0.002
S—Cr 4 1.769 1.771 1.721 1.721 :
Co—C, 2 1.325 1.323 1.336 1.336 A for bonds, 0.680 for angles). We calculated the Hessian
S C 4 1.769 1.767 1.765 1.765 (second derivative of energy with respect to tiNec®ordinates)
Cs—Cs 2 1.523 1.523 1.523 1.523 at the HF optimized geometry. This Hessian was used to
C—H 8 1.083 1.082 1.082 1.082 develop the force field by using Hessian-biased (HBFF)

B. Optimized Angles approach#

ET ET The potential energy of the molecule is
MSX HF MSX HF

S5~ Co—C, 4 128.68 128.45 128.83 128.83 E b;dsEb + o esEa+ to;mSEt + inv(%onsE' + C;SSEX +
S—Co—Ss2 4 113.80 114.29 114.75 114.75
S—Cr—Sk 2 11274 11255 11449  114.49 ;VEVdW + z E, (5)
Cr—%R—C; 4 94.41 94.55 96.33 96.33 Vi charges
S—Cs—C; 4 112.87 113.17 113.10 113.10
S GG 4 117.22 117.22 116.42 116.42 where the terms are defined below. This type of FF is denoted
*rCr 4 123.63 123.71 122.76 122.76 MSX to indicate that it is optimized for materials simulations
Co—S3—C3 4 100.74 100.81 100.50 100.50 . . R
H—Cs—H 4 108.58 108.48 108.51 108.51 and contains limited cross terms. Very often in fitting a FF to
Sz—Cs—H 8 107.18 107.15 106.84 106.84 vibrational spectra, only valence force terms are used. We also
Cs—Cs—H 8 110.36 110.31 110.60 110.60 include vdW and electrostatic parameters because we want to

a For the neutral molecule, the optimized HF structure is minimized Use the FF to predict the structures in crystal, where nonbonded

to reduce the total force by using FF. The rms force is less than 0.1 interactions are critical.
(kcal/mol)/A for ET and ET.

that only the central €54 group is planar). This leads to the
fundamental mode distribution

T(D,) = 12A, + 7A, + 6B,y + 11B;, + 7B, + 11B,, +

ThusDyy leads to g and u branching of tBe symmetry modes.

11By, + 7By, (2)

However, the stable boat structure of ET Hassymmetry,
leading to the mode distribution

I'(C,) = 37A+ 35B

®3)

In the HBFF approach, the potential energy is expressed as
a sum of valence, nonbonded interactions. We optimize the
force field terms by fitting the experimental frequencies and
the calculated geometries.

3.1. Valence Interactions. We used the following valence
terms:

(i) the harmonic bond stretch

Ey(R) = k(R — R)? (6)

whereR; is the equilibrium bond distance aikg is the force
constant.

Consequently, some modes become both infrared and Raman (ii) the harmonic angle bend

active. Table 4 shows that this is consistent with data of Kozlov
et al? The twofold axis oB; symmetry of the planar molecule

andC,; axis of the boat molecule are perpendicular to the central
plane of the molecule. The reduction of symmetry is as follows:

12A,+ 7A, + 11B,, + 7By, — 19A+ 18B,— 37A (4a)

and

11B,, + 6By, + 11B,, + 7B,,— 17B, + 18B,— 35B

Table 4 shows all calculated frequencies plus available

(4b)

EA6) = "ky(6 — 6) 7)

wheref, is the equilibrium angle anlg, is the force constant.
(i) angle-stretch cross terms

Ean = kro(0 = 0))(R— Ry) (8)

wherekgg is the force constant.
(iv) stretch—stretch cross terms

experimental frequencies for neutral ET. Calculated Raman and
IR intensities are also given for all the vibrational modes. We Ep = krr(R— RY)(R — R}) (9)
used the symmetry of the modes for assigning experimental
frequencies to the HF modes. The calculated IR and Ramanyherekgg is the force constant for the bon& and R, that
intensities are in good agreement with experimental intensities. share a common atom.

ET* molecules in planar¥, symmetry), leading to the (v) the torsional potential
distribution of fundamental mode in eq 1. Table 5 shows all
the vibrational modes of ET compared to the available
experimental frequencies.

3. The Force Field whereV; is in kcal/mol and the angle is defined as the angle
The ET molecules appear to be distorted in the crystal between theddKL plane and théJK plane of the way two bonds
structures, removing all symmetry. The assignment of frequen- 1J andKL attached to a common borK.

E(¢) =V, + V,cos¢ + V,cos 2 + V;cos 3 (10)
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(vi) the inversion potential

E(w) = K_(1 — cosw) (11)
with a minimum for planar structures§ = 0°). w is the angle
between théL axis and theéJK plane for an atom | with exactly
three bonddJ, IK, andIL.

3.2. Charges. Partial atomic charges for the various atoms
were obtained using the potential derived charge method
(PDQ)¥ The electron density from Hartre¢-ock wavefunc-
tion is used to calculate the electrostatic potential around the

J. Phys. Chem. A, Vol. 101, No. 10, 1991077

TABLE 2: Calculated Charges by Using Potential Derived
Charge Method'® (See Figure 1 for Notation)

no. of cases neutral cation
Cr 2 —0.0200 —0.0220
Sk 4 —0.0260 0.1390
C 4 0.0265 0.0240
Ss, 4 —0.0955 —0.0230
Cs 4 —-0.1770 —0.2420
i 4 0.1885 0.2440
Ho 4 0.0935 0.1200
net charge 0.0 1.0

molecule. Then, a set of atomic point charges is obtained thatsix of which havel; = 0 (here 108.5913 converts units so that

reproduces the ab initio electrostatic potential and dipole and

energies are in kcal/mol, distances in A, masses in amuyand

quadrupole moments. Table 2 shows the atomic charges forin cm™2).

the neutral and cation molecules.
We write total electrostatic energy as

QQ,
ECoulomb = C0 _

] GRij

wheree is the dielectric constank; is the distance in A, and
the conversion facto€y = 332.0637 puts the energy in kcal/
mol. We takee = 1 (i.e., vacuum).

3.3. van der Waals Parameters. We used the van der
Waals parametetspreviously determined from empirical fits
to lattice parameters. The exponential-6 potential is used for

van der Waals interactions:
—n (8 )\ e-wrry (& (P_V)el
S DV[(@— d Ealr)| @

Table 3 gives the bond strength (well deplh) (in kcal/mol)
and the bond lengtR, (in A) and¢ are given for C, S, and H.

(12)

In the Hessian-biased method, the theoretical Hesslgng
biased with the experimental frequencies. From (17) the
theoretical Hessian can be written

F't = Utlltu;r (18)
whereUtT is the transpose dfl. We then replacd; with the

experimental valudy. This leads to thexperimental biased
Hessiandefined as

Ho = UdU{ (192)
The biased Hessian has the property that
thUt = Ud, (19b)

That is, it leads to the theoretical modés)(and the experi-
mental frequenciesAf). If the A« is not available from
experiment, it can be approximated from the theory by using
appropriate scaling rules.

The electrostatic and van der Waals interactions are excluded We optimized the force field parameters to obtain the best

for 1-2, 1-3, and 1-4 interactions since they are considered
to be already included in the bond stretch, angle bend, and
torsion terms.

4. Hessian-Biased Methotf

The potential energy is expanded around the equilibrium
geometry.

3N oE 3N 2
E=E,+ 2 E) (6R) + 5 ”Zl (ZR aRj) (OR)(OR) + ...
(14)
where
F, = —(0E/3R) (15)
is the force on théth component and
H; = ®°E/0R IR (16a)
is the Hessian. Using the mass weighting
Hy = Hy(MM) ™2 (16b)
and diagonalizing (16b) leads to
HU = U1 17

where diagonal contains the B vibrational frequencies

A = (108.5913,)?

fit to Hx while leading to correct (theoretical) equilibrium
geometry. The van der Waals parameters and charges were
fixed during optimization of the valence parameters. The
charges (Table 2) were based on potential derived charges
(PDQ) by using quantum mechanical potentials and the vdW
parameters (Table 3) were from previous fits to various
crystals'® The final force field parameters for the neutral and
cation ET are shown in the first two columns of Table 3.
Calculated frequencies for ET and E&re compared with
the available experimental frequencies (Kozlov e?%). in
Tables 4 and 5. The average absolute error between theory and
experiment is~13 cnt! for ET and ~16 cnr?! for ET*.
Applying the MSX force field to planar neutral BEDT-TTB{
symmetry) led to two imaginary frequencies, which is consistent
with the quantum mechanical restits.

5. Discussion

The best organic superconductors involve ET molecules.
Isotopic shift experiments show that the mechanism for super-
conductivity in these materials must involve electrgionon
interactiong In order to understand the mechanism of the
superconductivity in these materials, we need to know the
character of the phonon modes for the molecular crystals
containing ET molecules. This requires a full characterization
of the structures and vibrations of ET and ETTo provide
this characterization, we performed quantum mechanical cal-
culations determining the optimum structures for ET and ET
These results clarified the stable conformations of ET molecules
and their symmetries and give vibrational frequencies (Table
4) consistent with the experiment. On the basis of the quantum
mechanical results, we obtained MSX force field which ac-
curately describes the vibrational spectrum. This force field
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TABLE 3: Force-Field Parameters Used in This Calculatior?

vdW param¥ vdW param¥
H Ry 3.19500 ¢ 14.03400
Do 0.01520 S Ro 4.03000
¢ 12.38200 Do 0.34400
C Ry 3.89830 ¢ 12.00000
Do 0.09510
bond stretch neutral cation bond stretch neutral cation
Cs—H Ry 1.084 1.081 $C3 Ry 1.821 1.825
ko 636.386 636.530 Ko 312.535 304.720
Cs—Cs3 Ry 1.526 1.523 $C, Ry 1.827 1.766
ko 613.257 606.042 Ko 361.172 479.499
C—C, Ry 1.300 1.329 C Ry 1.788 1.753
Ko 1280.633 1073.148 Ko 836.525 674.396
Cr—Cr Ry 1.319 1.399 &Cr Ry 1.736 1.721
Ko 1120.168 995.272 Ko 483.850 547.649
angle bend neutral cation angle bend neutral cation
H—Cs—H 6o 109.12 108.65 ko 130.018 233.544
Ko 92.818 72.886 S Co—Ss2 0o 108.09 114.96
C:—Cs—H 6o 110.79 110.38 ko 89.224 90.533
Ko 80.057 109.365 5-Cr—Cr 0o 130.18 121.61
S3—C3—H 6o 107.44 105.85 Ko 98.621 129.464
Ko 74.392 60.653 & Cr—Sk 0o 128.78 116.13
S3—C3—Cs 6o 114.35 113.57 Ko 154.837 148.992
Ko 193.274 364.201 £-53—C3 6o 100.03 100.67
S3—Co—C, 6o 121.64 127.48 ko 198.691 191.985
Ko 96.121 77.349 £SR—C; 6o 98.32 96.85
SK—C—C; 6o 113.62 115.72 Ko 250.173 322.658
angle cross terms neutral cation angle cross terms neutral cation
H—C;—H Kry0 —75.260 —27.305 kiR, 408.025 264.133
Kr,0 —75.260 —27.305 *—Co—S Kr,0 54.907 35.455
Keyr, —38.305 —22.977 Ke0 113.414 135.257
Cs—C:—H Kr,0 7.847 6.245 Kryr, 86.875 91.696
Kr,0 3.295 86.784 $-Cr—Cr Kr,0 40.592 69.328
Kr,r, 1.546 —0.226 Kr,0 36.508 104.725
S3—Cs—H Kr,0 48.635 39.139 Keyro 63.775 29.613
Kr,0 18.933 —10.670 K*—Cr—Sk Kr,0 79.702 126.993
kiR, —13.325 —0.371 Kry0 79.702 126.993
S3—C3—C3 Kr,0 —0.964 —6.689 Kryr, 60.025 19.556
Kr,0 —4.778 68.070 e&-C3—C3 Kr,0 49.887 148.984
Kryr, 20.436 34.745 Kr,0 46.465 33.800
S3—Co—C, Kr,0 96.007 119.264 Kryr, —11.975 —69.191
Kr,0 —47.517 —31.109 G—%—C; Kr,0 52.029 124,512
Kryr, 10.424 —2.801 Kr,0 59.718 43.796
SR—C—C; ) 178.792 162.888 Keyro 10.704 25.593
00 81.403 82.593
torsion terms neutral cation torsion terms neutral cation
H—C;—Cs3—H V3 5.958 7.164 GCs—Co—S A3 —0.020 0.170
S3—C3—Cs—H V3 19.558 9.641 ~SR—C—C; Vs, 2.764 —3.149
S3—C3—Cs—Ss2 V3 —73.125 —57.046 G—SR—Cr—Ss2 Vs, —-0.774 —4.459
S3—Co—Co—Ss, Vs, —25.759 —3.196 V3 1.845 0.000
SR—Co—Co—Ss2 \" 10.814 —13.975 GSR—Cr—Cr Vi 6.756 12.840
SK—C—Co—S Vs, —44.726 0.876 Vs, 0.844 0.263
SR—Cr—Cr—% \V3 —19.943 -0.217 V3 —0.350 0.000
Cr—S3—Cs—H V3 1.531 0.684 %R—Cr—S% Vs, 1.175 —1.393
Co—S3—C3—C3 V3 —2.586 —2.605 V3 2.127 0.000
C3—Se—Co—C, \3 0.720 1.825
inversion constant{,) neutral cation inversion constar,() neutral cation
Co— SRS C; 5.738 4.917 G—SR—SK—Cr 10.713 16.128
Cor—%R—Co—Ss2 85.778 155.854 SR—Cr—Sk 53.616 50.178
Cor—S3—Cor—S% 6.745 1.651

aUnits are kcal/mol for energies, A for length, and degrees for angles. Angular force constants use radians.

can be used in molecular dynamic simulations for crystals are more symmetric (Bsymmetry). This may be important in
containing ET and ET. This should be useful in explaining the superconducting properties.
the superconductivity of these systems.

We find that some vibrational modes of staggered E
molecule C, symmetry) allow both IR and Raman activities. We developed the MSX force fields for the neutral and cation
This allows the electrons coupling several vibrational modes ET molecules including both valence and nonbonded interac-
which would be forbidden for planar donor molecules which tions. The Hessian-biased approach is used to obtain a force

T 6. Summary
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TABLE 4: Calculated (HF) and Experimental Frequencies and Raman and Infrared (IR) Intensities for ET?

HF
intensity experiment

sym modes Vi IR Raman IR Raman MSX error
A C—H str 3302 11.60 71.75 2957.9
B C—H str 3302 3.28 51.36 2958w 2957.9 0
A C—H str 3290 0.01 256.30 2915.0
B C—H str 3290 0.37 9.60 2915.0
A C—H str 3237 0.20 606.22 2958.3
B C—H str 3237 79.71 4.30 2958 w 2958.3 0
A C—H str 3229 10.24 161.39 2909.8
B C—H str 3228 2.68 6.80 2916 w 2909.8 6
A C=C str 1815 0.57 354.11 1552 m 1546.9 5
B C=C str 1790 1.48 0.26 1505 w 1511 m 1519.5 9
A C=C str 1772 0.35 509.60 1494 s 1490.0 4
A CH; bend 1608 3.02 10.70 1424.3
B CH; bend 1608 111 14.73 1420 w 1424.3 4
A CH; bend 1594 11.27 9.51 1406 m 1401.4 5
B CH; bend 1594 4.86 32.12 1409 vw 1401.4 8
A CH, wag 1466 241 0.93 1285 vw 1295.0 10
B CH, wag 1466 63.72 171 1282 m 1295.0 13
A CH, wag 1434 5.66 1.19 1259 w 1247.4 12
B CH, wag 1434 0.90 0.57 1253 vw 1256w 1247.4 9
A CH twist 1321 0.27 15.70 1164.2
B CH; twist 1321 0.06 2.33 1173 vw 11750w 1164.2 11
A CH twist 1260 2.48 0.29 1132 sh 1132uw 1127.4 5
B CH; twist 1260 2.44 14.41 1125w 1126 vw 1127.4 2
A ring def (IPf 1131 0.21 0.34 1016 vw 1029.5 13
B ring def (IP) 1128 7.06 0.02 1013.0
A ring def (IP) 1125 0.01 0.59 1009.3
B C—Cstr 1093 0.03 0.61 996 w 1002 w 998.6 3
A C—Cstr 1093 0.01 7.15 987 w 990 w 998.6 9
A CH; rock 1033 1.64 7.62 948.1
B CH, rock 1033 22.58 5.39 938 vw 948.1 10
B CH, wag 996 12.99 1.83 917 s 915.5 1
A CH, wag 990 5.72 0.04 919 vw 915.5 3
B ring def (IP) 967 28.10 0.77 905 m 900.0 5
A ring def (IP) 967 3.50 181 911 vw 899.6 11
B ring def (IP) 951 2.29 0.28 890 m 888 vw 854.1 36
B* ring def (IP) 847 12.03 0.13 875 vw 875w 758.6 16
B ring def (IP) 846 42.37 0.02 772s 765w 761.6 10
A ring def (IP) 842 0.17 1.96 860 vw 860 vw 824.4 36
A CHsrock 759 0.10 15.90 687 w 726.8 40
B CHy rock 759 2.47 1.86 687 w 724.9 38
A CHsrock 716 0.02 44.08 653 m 629.9 23
B CH, rock 716 6.70 0.62 653 w 628.9 24
B ring def (OPY 623 4.54 11.88 724.9
B ring def (OP) 606 0.06 4.15 453.3
A ring def (OP) 605 0.05 0.92 449.6
A ring def (OP) 539 1.50 15.60 486 m 502.3 16
B ring def (IP) 511 1.50 0.86 499 m 481.3 18
A ring def (IP) 510 0.03 1.73 625w 668.6 44
B ring def (IP) 496 6.24 0.43 624 w 667.8 44
A ring def (IP) 483 0.01 14.54 450 w 440 m 446.0 6
B ring def (IP) 425 6.63 1.16 390 m 389.3 1
B ring def (IP) 394 0.04 0.80 334 m 361.6 28
A ring def (IP) 393 0.02 0.10 335m 3734 38
A ring def (IP) 383 0.09 8.42 348 w 347.3 1
A ring def (OP) 356 1.02 4.00 308 w 303.0 5
B ring def (OP) 327 3.16 0.17 278 m 272 vw 288.1 10
A ring def (OP) 315 0.04 2.72 361.9
B ring def (OP) 309 0.28 0.05 269.8
A ring def (OP) 300 0.04 0.20 261.4
B ring def (IP) 286 3.72 0.02 257 m 260 w 264.9 8
A ring def (OP) 270 0.01 0.75 177.1
B ring def (OP) 262 4.45 0.61 177.0
A ring def (OP) 206 0.01 0.72 159s 183.5 25
A ring def (IP) 173 0.03 14.86 151s 153.6 3
A ring def (OP) 130 0.03 0.18 127 vw 127.0 0
B ring def (OP) 129 0.00 0.28 62.2
B ring def (IP) 60 1.14 0.87 96 m 98.1 2
A ring def (OP) 53 0.16 0.19 53.1
B ring def (OP) 44 2.71 0.37 46.7
A ring def (OP) 42 7.24 0.26 45.2
B ring def (OP) 38 0.26 0.63 30w 3lvs 36.9 7
A ring def (OP) 20 2.21 1.28 15.7
av abs error 109 13

aThe frequencies are in crh IR intensities are in km/mol (1 km/met 0.0236 66 B A2 amu?), Raman intensities are inamu. We used
the italic ones (the assignments of KoZpvor the error calculations for the modes which appears both in IR and Raman sp&utative
intensities: vs, very strong; s, strong; m, medium; w, weak; vw, very wak; sh, shoulder; br, bhogdane ring deformation modé.Out-of-plane
ring deformation mode.
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TABLE 5: Calculated and Experimental Frequencies and Raman and Infrared (IR) Intensities for ET+2

Demiralp et al.

HF
intensity experiment

sym modes Vi IR Raman IR Raman MSX error
B3 C—H str 3316 1.41 90.73 2936w 2935.9 0
B> C—H str 3316 0.21 86.51 2935.9
A C—Hstr 3305 0.00 251.75 2916.5
B1 C—H str 3305 2.13 0.57 2914 vw 2916.5 2
A C—Hstr 3248 0.00 1086.34 2871.1
B1 C—H str 3248 24.15 1.76 2847 vw ? 2871.1
B> C—H str 3242 0.29 13.57 2883w 2857.5 25
B3 C—H str 3242 5.22 179.42 2857.5
A C=C str 1697 0.00 60707.55 1455 m 1496.0 41
B1 C=C str 1620 3060.40 1.32 1445 w 1457.7 13
A CH; bend 1601 0.00 24.83 1422.2
B1 CH; bend 1601 5.04 4.97 1422 sh 1422.2 0
B3 CH; bend 1594 23.93 6.92 1411s 1416.4 5
B> CH; bend 1594 4.55 56.09 1416.4
A C=C str 1565 0.00 34573.66 1431 vs 1385.1 46
A CH; wag 1469 0.00 279.93 1294 vw 1285.5 8
B1 CH, wag 1467 209.74 1.47 1283 m 1485.3 2
B3 CH, wag 1435 7.32 3.71 1274 vw 1263.6 10
B> CH, wag 1435 0.00 0.72 1277 sh 1263.6 13
A CH twist 1325 0.00 16.62 1173.5
B1 CH; twist 1325 1.47 2.08 1180w ? 11735
B3 CH; twist 1264 1.38 1.56 1125sh ? 1135.0
B> CH; twist 1264 221 18.511 1120 w 1135.0 15
B3 ring def (IP¥ 1171 0.25 623.99 1056 w 1059.4 3
B> ring def (IP) 1141 16.86 0.06 1024 w 1026.3 2
Bs ring def (IP) 1138 0.10 5.88 1025.6
A C—C str. 1093 0.00 31.22 976 mw 991.2 15
B1 C—Cstr 1093 0.30 0.61 1010 vw 991.2 19
A CH; rock 1029 0.00 247.37 931 vw ? 952.3
B1 CH;rock 1029 5.24 5.10 936.4
B> CH, wag 997 0.04 2.42 915w 935.7 21
B3 CH, wag 991 8.04 0.00 887.1
B> ring def (IP) 969 4.06 74.29 900 w 895.7 4
A ring def (IP) 963 0.00 7905.13 905w 885.0 20
B1 ring def (IP) 927 5.84 225.12 950.9
B1 ring def (IP) 881 5.86 956.10 812w 826.0 14
B> ring def (IP) 857 6.11 0.09 886 w,br 841.1 45
B3 ring def (IP) 853 0.29 3.72 839.3
B3 CHy rock 749 0.00 13.32 691.6
B> CHy rock 749 4.23 2.77 640 vw 691.6 52
A CHa rock 707 0.00 339.78 686.4
B1 CH;rock 706 36.60 0.04 672 vw 684.9 13
B1 ring def (OPY 610 0.01 3.23 636.0
Az ring def (OP) 607 0.00 14.03 636.0
B> ring def (OP) 596 0.02 6.19 581.2
A ring def (IP) 570 0.00 5148.20 511 mw 512.9 2
B3 ring def (IP) 514 0.35 0.04 487.1
B> ring def (IP) 512 291 111 476.5
B1 ring def (IP) 504 605.79 0.00 503w 512.0 9
A ring def (IP) 492 0.00 2986.58 489 m 453.9 35
B1 ring def (IP) 438 3.85 0.05 406 w 397.6 8
B> ring def (IP) 392 0.49 0.2 344.6
B3 ring def (IP) 387 0.06 4.84 357 vw 355uw 387.0 32
B3 ring def (IP) 371 0.00 93.14 335w 349.14 14
B3 ring def (OP) 357 1.70 0.21 340.3
A ring def (IP) 348 0.00 4.39 320w 335.2 15
B1 ring def (IP) 328 21.53 0.04 339.7
B> ring def (OP) 309 0.52 3.25 265w 272.7 8
B> ring def (IP) 295 4.79 0.01 335.2
Bs ring def (OP) 294 0.07 0.32 282.2
A CH; wag 294 0.00 0.32 234.0
B1 CH, wag 283 0.00 0.07 2195
B3 ring def (IP) 187 0.01 3.46 179.8
A ring def (IP) 175 0.00 185.20 169 w 162.8 6
A ring def (OP) 120 0.00 6.81 83.6
B1 ring def (OP) 120 0.48 0.57 83.1
B> ring def (OP) 86 0.07 16.63 70.3
B> ring def (IP) 61 0.16 0.00 53.6
B3 ring def (OP) 49 8.93 0.29 46.1
B> ring def (OP) 43 0.02 0.17 34.4
A ring def (OP) 36 0.00 0.00 19.8
B3 ring def (OP) 28 2.04 0.02 8.4
av abs error 121 16

aThe frequencies are in ¢t IR intensities are in km/mol (1 km/me# 0.0236 66 B A-2 amu?) 42.2547, Raman intensities are iffdmu.

We used the italic ones (the assignments of Ko#)ofor the error calculations for the modes which appears both in IR and Raman spectra. ?:
These experimentally uncertain modes are not included in error calculétibRelative intensities: vs, very strong; s, strong; m, medium; w,
weak; vw, very weak; sh, shoulder; br, bro&dh-plane ring deformation modé Out-of-plane ring deformation mode.



Force Field and Vibrational Frequencies for BEDT-TTF

(a) PLANAR ET (D, SYMMETRY)

Figure 2. Side view for optimum structures (a) EBnd (b) ET. Here

C is a solid circle, S is a cross-hatched circle, and H is an open circle.

field which reproduces experimental frequencies for the neutral

and cation ET while retaining the correct structural and
vibrational characteristics for the models. The calculated

frequencies are in good agreement with the available experi-
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