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Charge Density Studies of Thiathiophthene. 4" Theoretical Studies on
2,5-Dimethyl Thiathiophthene and 2,4-Diphenyl Thiathiophthene with Density
Functional Method
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The distribution of deformation density of 2,5-dimethyl thiathiophthene and 2,4-dipheny! thiathio-
phthene are calculated via density functional method. The resuits are in good agreement with the corre-
sponding experimental and theoretical distributions from an ab initio method. The ionization potentials ob-
tained in this calculation on 2,5-dimethyl thiathiophthene are in good agreement with those obtained experi-
mentally from photoelectron spectroscopy, it is in better agreement than those VIPs based on ab initio cai-
culations. Net atomic charges are compared with the experimental multipole refinement and with those cal-
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culated with ab initio and DFT methods for various atomic partitions.

INTRODUCTION

The distribution of deformation density has been in-
vestigated by X-ray diffraction for some years,"” and mul-
tipole model deformation densities® are commonly used to
compare with those calculated from the ab initio HFSCF
method.”® Density functional theory (DFTY® is recently
considered to be one of the most efficieat methods to de-
scribe any density-related properties. We believe there is a
need to assess the merit of the electron density distribution
according to the DFT method.

Orbital energies calcutated from HFSCF are com-
monly used to interpret photoelectron spectra based on
Koopmans’ theorem.” Vertical ionization potentials (VIPs)
derived from DFT may agree better with experimental data
than those from HFSCF because energy terms might be af-
fected by electronic-correlation more than the density distri-

Jution.

Two compounds 2,5-dimethy! thiathiophthene(2,5-
DMTTP) and 2,4-diphenyl thiathiophthene(2,4-DPTTP) are
chosen for such studies using DFT method as their density
distributions are thoroughly investigated by low-tempera-
ture X-ray diffraction experiments'' > and ab initio calcula-
tons.”  The photoetectron spectrum of 2,5-dimethyl
thiathiophthene is also known." Both thiathiophthene
molecules are planar with two fused five-membered
rings.”'* The special type of bonding is discussed in terms
of an &-centered 10m-eleciron aromatic w system and a

three-centered four-electron S-S-S ¢ system.”” Comparison
can be made for the deformation density and VIPs between
experimental results' and values from ab initio HFSCF”
and DFT calculation,

COMPUTATION PROCEDURE

There are a few programs available for DFT methods.
The ones we used in this work were DMol™® and deMon.*"”
The former one uses numerical basis functions, whereas the
latter one uses gaussian basis functions. Atomic natural or-
bitals {ANOs)'® are used in deMon program and double nu-
merical basis set plus polarization (DNP) is used in DMol
program. A basis setof [431;321;210] ANOs is used 1n the
calculation with deMon program, where {431}, {321] and
[210] are basis functions for sulfur, carbon and hydrogen
atom, respectively. The notation [IJK] means that there are
1, J and K s-, p- and d-type ANOs on each atom. The nu-
merical titting grid is chosen to be fine and nonrandom; the
auxiliary fitting functions are (5,4; 5,4) for sulfur atom,
{(4,4; 4,4) for carbon atom and (3,1; 3,1) for hydrogen atom.
The (k,1; m,n) notation means there are k s-type GTOs plus
I sets of s-, p-, d-type GTOs, each set with the same €xpo-
nent for the charge density fit. The indices m and n repre-
sent sizes of similar types for the exchange-correlation fit.
The ANOs basis set used here is nearly equivalent to (Gauss-
ian 6-31G**. A local density approximation (LDDA) is im-
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posed with the local V. of Vosko et al.”

In order to calewlate VIPs in DFT calculations (deMon
and DMol), we make a simple approximation to Slater’s
transition state concept,” following Asbrink et al.” Instead
of removing half of an electron from the MO of interess, we
remove half of an electron evenly from the top ten valence
MOQs. *

The molecular geometry is taken from the low tem-
perature X-ray diffraction measurement.'"** The deforma-
tion density Apper is calculated by subtracting the sphericai
atomic electron density from the molecular electron density
as described elsewhere,”® Earlier results of Apn. and
Apsaic- ate taken from the literature,”” The DFT calcula-
tions are made on IBM DECS000 and on RISC6000 work
stations with deMon and DMol programs, respectively.

(c)
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RESULTS AND DISCUSSIONS

The distributions of deformation densities of 2,5-
DMTTP and 2,4-DPTTP molecules are shown in Fig. 1 and
2, respectively. There are two planes in each figure. The de-
formation densities of the thiathiophthene (TTP) ring plane
is shown in (a, b, ¢}, whereas the plane perpendicular to the
TTP plane and through $-S-8 is shown in (d, €, {). There are
three maps on each plane, the top ones {a, d) are the static
muyltipole model deformation densities from the earlier
work;" the middle ones (b, e) are the theoretical deforma-
tion densities calculated by ab initio molecular orbital cal-
culation" and the bottom ones (c, f) are the theoretical ones
calculated by DFT method. As maps of deformation density
calcolated with deMon and DMol programs are essentially

{t

Fig. 1. The distribution of deformation density of 2,5-DMTTP; (a), (b) and (c} are on the TTP plane; (d), (¢) and (f) are on the
plane perpendicular to TTP plane through the S-S-§ region; solid lipe positive, dashed lin zero, dotted line negative. (a)
APM. 4 static, cONtours interval 0.1 A (b) Aps.a1Gw, contours as in (a). (€) APaeMon, contours as in (a). (d} Apm.a.suaic; con-
tours interval 0.05 eA”. (e) Apsaics; contours as in (d). (f) APaemon; contours interval §.025 eA™ (a), (b), {d) and {¢) arc

from ref. 13.
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the same, the maps presented here for 2,5-DMTTP are cal-
culated with deMon and those for 2,4-DPTTP are rcsults
with DMol. It is apparent that the three maps of deforma-
tion density (a, b, ¢} of the TTP plane in both compounds
(Fig. 1 and 2) all agree satisfactorily with one another. Per-
haps maps from DFT calculations ¢) agree slightly better
with the experimental ones a) than those from ab initio cal-
culation b). However the agreement between maps for the
other plane (4, e, f) is not as good as those (a, b, ) of the
TTP plane, although features in these three maps are quite
similar; the one from DFT (Fig. 1f, Fig. 2f) gives only about
half the density; i.e., there is only little density at the plane
perpendicular to the TTP ring, so the disagreement signifies
little. As the density on this plane {d, ¢, f) is contributed
mainty from the sulfur lone pair electrons, it is apparent that
there are not much density on the lone pairs of sulfur atoms
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at this plane. An alternative way of expressing the charge
distribution uses the net atomic charges of the molecule.
These charges of the two molecules are presented in Fig. 3,
in which different values on each atom arise from various
methods and analyses. The top value is obtained from the
maultipole refinement,’ the second one from ihe top from
Mulliken population analysis (MPA) out of 3-21G* ab initio
MO calculation,'® and the bottom three values are from DFT
method with two programs. There are two values (3rd and
41h) derived from the DMol calculation, one from MPA and
the other by means of the Hirshfeld partition;” the fifth
value is derived from deMon using MPA. The definitions of
four values on each atom in b) are the same as the first four
values in a). In general, the agreement on atomic charges of
sulfur atoms between experimental ones and the ones from
DFT are very good based on the experimental efror, in con-

]

Fig. 2. The distribution of deformation density of 2,4-DPTTP, definitions of (a}, (b), (c), (d), (&), () and contours correspond to

those in Fig. 14, 1b, 1d and le from ref. 13,
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trast with values from ab initio calculations with MPA. It is
known that charges obtained this way depend strongly on
the size of the basis set, and there are severe limitations on
values obtained from MPA >** However, the agreement on
carbon and hydsogen atoms is better from ab initio than
from DFT. The inconsistences among the values from
seperate partitions or basis functions indicate the limitation.

As we discuss the density distribution of these two
molecules at their ground states, we compare VIPs from
DFT, ab initio MO" and from photoelectron spectroscopy"*
in the case of 2,5-DMTTP. The values are given in Tables 1
and 2 for 2,5-DMTTP and 2,4-DPTTE, respectively. The
agreement between DET and experimental ones for 2,5-
DMTTP is excellent. However, it is unfair to compare val-
ues from DIFT with those from ab initio calculations, be-
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Fig. 3. Net atomic charges for (a) 2,5-DMTTP:; five val-
ues are given for each atom-top, multipole refine-
ment (ref. 6); second, ab initio with MPA (ref.
13); third, DMol with MPA; fourth, DMol with
Hirshfeld partition; bottom, deMon with MPA.
(b) 2,4-DPTTP: four values are given for each
atom, defined as for the top four values in (a).
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Table 1. First Ten VIP Values {eV) for 2,5-DMTTP
HFSCF' DFT Expt.} Orbital Character
3-21G* deMon DMol

797 7.66 7.86 7.73 218" ercse

822 7.90 8.11 790 28 Gsss

9.80 8.84 9.02 9.08 274" fig1.c1 Mspcs
10.57 915 933 9.53 26a’ Te.C-Cs T08-5-5
12.03 10.13 10.33 10.04 208" Te.ca52
12.43 10.56 10.76 10.70 194" Gy.s.5
13.51 11.14 11.33 252 s Msz

14.25 11.53 11.73
1441 11.66 11.84
1458 11.79 11.98

182" e, Ge-Himethyl)
24a’ os1cl, Ocanz
232" Tying

*ref. 13
¥ ref. 14

cause the value from ab initio calculation is simply the nega-
tive value of the orbital energy, whereas the value from DFT
is the energy difference between the transition and ground
state. The latter should produce values much closer to ex-
perimental ones. Linear relationship between the experi-
mental values (VIP..) and the calculated ones (VIP...) ex-
ists for both values from DFT (D) and values from ab initio
calculations (#} as shown in Fig. 4. As expected, the slope
of the line (1.01) from DFT is close to 1, but 1.57 from ab
initio calculation. The slope much greater than one is prob-
ably due to the limited basis function and lack of ¢lectron
correlation in the ab initio calculation. The intercept of the
line is -0.14 for DFT and is -4.23 for ab initio calculation.
Although ten VIPg values are listed on the table, only six
values are plotted in Fig. 4. The corresponding orbital char-
acters are also assigned according to MO wavefunctions.
As there is no experimental values available for 2,4-DPTTP,
only calculated VIPs are listed in Table 2 with assigned or-
bital characters. It is noticeable that the differences of VIP

Table 2. First Ten VIP Values (eV) for 2 4-DPTTP

ab initio* DET Orbital Character
3-21G* DMol
713 745 8la Ms1.52, Aca-cs, Nsac2
8.30 7.71 B0a Ts8t-52-53
8.99 8.30 794 TTTP sing, Toemene
943 8.52 T8a TCTTP ring,s Mhenzene
049 8.61 772 Mhemene
9.65 8.70 T6a Mrenzene
10.57 9.27 753 Tsy.c1,83-C55 Ws2-c3
10.95 034 Tda 1s1-52-53, T0C2-C3-C4-C5
12.59 10.37 73a Os152.53
12.65 10.56 T2a Ts3-cs, MS1-C1-C2
®ref. 13




Charge Density Studies of Thiathiophthene

1500 7

1200

9.90 1

6.00 1

VIPcalc/eV

300 T

0.08 1

300

4600 + t +
0.00 300 600 9.00

VIPobs/eV

12.00 I5.00

Fig. 4. Comparison of linear equations in terms of VEPops
vs VIPg with VIP 4 calculated from ah initio (4,
ref. 13) and DFT methods () on 2,5-DMTTP.

values from DFT on two Os.s.s MOs in 2,5-DMTTP and 2,4-
DPTTP are nearly the same (2.65 eV for 2,5-DMTTP, 2.60
eV for 2,4-DPTTP) and comparable to the difference from
experiment (2.80 eV for DMTTP™). The ab initio values
differ more (by a factor 1.6) but are consistent in both mole-
cules (4,21 eV for DMTTER, 4,29 ¢V for DPTTP). According
to the result from 2,5-DMTTP, the experimental values
should be very close to what calculated from DFT in Table
2.

CONCLUSION

This study demonstrates that DFT calculation can be
used to derive the disiribution of deformation density, nct
atomic charges and the VIPs. The results are as good as
those produced from ab initio calcylation, if not better. DFT
is definitely suitable for calculations of charge density, and
even advantageous for such studies of complicated mole-
cules.
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