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A charge density study of crystalline pentafluorobenzoic acid has been carried out using high-resolution X-ray
diffraction data collected at 110 K. Two multipole refinement models based on the rigid-pseudoatom formalism
were used for topological analysis, and the results were compared to those of theoretical calculations for the
isolated molecule. In an analysis of the topological parameters at the bond critical points, the discussion
focuses on the €F bond, the hydrogen bond, and intramolecular and intermolecular wedk &d F:-F
interactions. Moreover, the geometrical distribution of the nonbonded valence shell charge concentrations
was studied at oxygen and fluorine atoms on the basis of experimental data.

Introduction TABLE 1: Crystal Data and Experimental Conditions
; ; ; ; empirical formula GFsO.H
hTh_e elllectrgnlc cht?lrge_dens%(r) (t)fta ctrllemlcal strfuctutr_e IS mula weight 424.16 g/mol
physically 9 servable, in contrast to the wave function in 0. qement temperature 110 K
Scr_lrcdlnger s equation. The che}rge dens!ty can be deduced from gjffractometer SMART-CCD (BRUKER)
a high-resolution X-ray diffraction experimérgt low temper- sample-detector distance 2.90cm
ature. According to Bader's theory of atoms in molecules radiation type, wavelength Mod 0.7107 A
(AIM),? developed by a quantum chemical approach, the . er frame (high-order refn) f%iffh'te monochromator)
Fopologlcal analysis ob(r) allows a partitioning of a structure time per frame (low-order refin)  30's
into submolecular regions (atoms or functional groups) and jncrementAw 0.3 )
provides a quantitative description of bonds, nonbonded interac- crystal system, space group triclinRL
tions, structure, and reactivity. lattice constants a=6.1979(2)b = 7.7748(2),
The highly polar G-F bond has been the subject of several _CZ%%%SE(Z) A o7 401
charge density studies including$C(CH)CFR,2 difluoroben- « ; “o og(i}ﬁ =97.49(1],
zene derivatgé,a difluorocubane derivateand 7-fluoro-4- unit cell volume 345.18(3) A
styrylcoumarirg but only in two casesptfluoromandelic acid z
and 1,1-difluoroaller®® were quantitative topological data  density (calculated) 2.04 g cth
derived, and those data showed large discrepancies betweerpbsorption coefficient u =023 mn*
theoretical and experimental results. Because interesting struc-g?g‘gg'ss'on factors min/max 20%90/ 0.97
tural i’gudies on_low-melting fluorinated hydrqcarbons WEre ange for data collection 20k 20 < 126.5
doné% and are in progre$sfor a charge density study, the  index ranges —15<h<15-19<k < 18,
very stable and properly crystallizing pentafluorobenzoic acid -20<1<18
(PFBA) was to serve as a reference in this field. Results of the resolution/completeness/ 7:40.69 A/100%/4-5.3-fold
charge density distribution and its topological analysis are  redundancy 005'3?8'?1(5) %ég%’ézﬁ%a&m'd
reported on the basis of an X-ray data setlagh = 0.40 A 0.45-0.40 NBO%(:/l.l:fgld
((Sin OmayA~* = 1.26 A1) resolution measured at 110 K and  refiections collected 31153 '
for comparison on a B3LYP density functional ab initio reflections collected 3¢ 16 689
calculation using the 6-3#1+G(3df,3pd) basis set. independent reflections 10 483
independent reflections 3o 5970
i 0,
Experimental and Computational Methods Sg?)t) ggo//z

X-ray data from high-quality crystal (grown by slow evapora- ,,q the frames were integrated and corrected with the SEINT

tion from the saturated solution in an 80:20 mixture of ethanol/ ;4 saADABS4 programs. Further details of the experimental
2-propanol) were collected on a Bruker SMART CCD- y ray work are summarized in Table 1. For the subsequent
diffractometer. Cooling to 110 K was achieved by andés theoretical and multipole refinement calculations, the starting

hatomic parameters were obtained by direct metHoaisd were
identical with published data from conventional X-ray analysis
. g hould be add g - Xbach@ with spherical atom refineme#t.
*To whom correspondence shou e addressed. E-mail: xbac imi7zati ;
chemie.fu-berlin.de. Tel: 0049-30-838 56785. Fax: 0049-30-838 53464. A full geometry optimization of .the ISOlated molecule of
T Institut fir Chemie/Kristallographie. PFBA was performed on the density functional B3LYP level

* Institut fir Chemie/Anorganische und Analytische Chemie. with the basis set 6-3H1+G(3df,3pd) using the GAUSSIAN

ASTRO?2 the data collection was monitored with SMART,
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TABLE 2: Summary of Refinement Results of Different
Models

spherical M1 M2
R(F) [%] 3.7 2.3 24
Ru(F) [%0] 3.9 2.1 2.2
GOF 2.3 13 1.3
Nref/Nv 45 15 25

98 program packag€.The results were used for a topological
analysis which was done with the AIMPAC prografn.

The multipole refinements based on the Hars€oppens
formalismt® were carried out with the least-squares subprogram
XDLSM of XD, a computer program package for refinement
and analysis of experimental electron densities in crysfals.
Input geometry was taken from the spherical refinement.

The quantityy ywx(|Fo(H)| — kIF¢(H)|)? was minimized using
the statistical weightvy = [o(Fo(H))] 2, whereF, andF. are
the observed and calculated structure factors. Only those Figure 1. Crystal packing of PFBA.
structure factors were included which met the criterion
Fo(H) > 30(Fo(H)). The multipole model was expanded to the model. But the most obvious difference between theoretical and
hexadecapole level & 4) for the heavy atoms (C, O, F) and experimental geometry is observed in the inclination between
up to the quadrupolar level & 2) for the hydrogen atom of  the phenyl ring and the carboxyl group planes. The theoretical
the carboxyl group. The O(2H(1) distance was fixed to 1.015  model predicts a torsion angle C{6(1)—C(7)—0O(2) of 41.8
A' as suggested by neutron dé:t&or each atomin a Chemica“y for the isolated mOIeCUle, whereas eXperimental data in the
different position (C(sP-ortho, C(sp)-meta C(sp)-para, crystal give a significantly smaller value of 29.8{8)vhich is
C(00), Fortho, F-meta F-para, O(C=0), O(O-H), and H), very likely also a result of the parallel stacking of the phenyl
individual radial screening parametery (vere assigned and ~ groups or of the formation of the strong hydrogen bonds or of
refined. The refined: parameters show a slight expansion for the combination of both influences [Figure 1]. The small
fluorine (« range, 0.98-0.99) and oxygen(range, 0.97-0.99) inclination causes short nonbonding intramolecular-@&
and a contraction for carbor (ange, 101—104) and hydrogen contacts in the eXperimenta' geometry. The intramolecular
( = 1.14 in model M1 and = 1.17 in model M2). Two density ~ distances, F(6)-0(2) = 2.6456(5) A and F(2)-O(1) =
models (M1 and M2) were applied in the multipole refinements 2.6965(5) A, are well below the-FO van der Waals contact
of experimenta| data and Compared to the theoretical model of 2.99 AZZ Theoretical calculation leads to the distances
obtained from the B3LYP/6311++G(3df,3pd) optimization. ~ F(6)-*O(2) = 2.7533 A and F(2)-O(1) = 2.8452 A. Short
Model M1 applies no atomic site symmetry. Model M2 applies intermolecular fluorine-fluorine contacts are observed for
cylindrical symmetry for all fluorine atoms amdn® symmetry ~ F(4)»+*F(4) (2 — x, =y, 1 — 2) with 2.6269(7) A and F(5)
for the carbons and O(1) resulting in restrictions for the indices F(5) (2 — x, =y, —2) with 2.6277(6) A, which are less than
(I, m) of the spherical harmonics. From the statistical figures the sum of van der Waals radii (2.94 %).

(Table 2), it is evident that the more restricted model M2 fit ~ The experimental static deformation densiy(r) (SDD),

the data as well as model M1. Although the ratio of observations defined as the difference between the atom-centered multipole
to variables increases by more than 60%, the residuals remaindensity and the charge distribution of a hypothetical spherical
practically unchanged. promolecular densityg(pro), was found to be in good agreement

An additional refinement of the second expansieontrac- with the corresponding theoretical distribution. Figure 2 com-
tion parametex’'1%2was done for the atoms C, O, and F on Pares experimental and theoretical static deformation density
the basis of model M2. The' values show slight expansion Maps in the two main molecular planes. The SDD maps show
for F and O ' for F, 0.99;«' for O(1), 0.97; andc' for O(2) qualitatively charge accumulations in the nonpolar covalent
0.99) and a slight contraction for carbodi for C, 1.01). But ~ bonds (C-C), in the polar bonds (€F, C-0) and in the

this refinement did not change the structural and topological "onbonded valence shell regions around the oxygen and fluorine
parameters significantly. atoms. In the directions of polar bonds, there is a lack of charge

accumulation near the more electronegative atom (with lone
pairs) because of the molecular spherical distributions at these
atoms which contribute too much density in the bond direction
PFBA crystallizes in space grol with two molecules in for the spherical model ip(pro)2324
the unit cell which are connected by the hydrogen bond ©(2) For both multipole models, the same trend for the monopole
H(1)---O(1) via the crystallographic inversion center. The charges is observed [Table 3]. The carbon atoms, C(4) in the
distance H(1}-O(1) is 1.642 A and indicates a very strong para position and C(2) and C(6) in the ortho positions, have a
hydrogen bond. The molecular structure and crystal packing higher positive monopole charge (around 3.7) than C(3) and
were well discussed befoté The resulting geometrical param-  C(5) in the meta positions (4.0) have. In substitution reactions,
eters of the multipole refinements (for both models) agree in nucleophilic reagents prefer the para and ortho positions because
the range of 0.02 A for the lengths and in the range of €2 the mesomeric para- and orthochinoide resonance forms are
the angles with the conventional refinement of Benghiat and stabilized?® The atom O(1) of the carboxyl group has a distinctly
Leiserowitz!® The agreement in bond lengths [see Table 4] higher negative monopole charge (6.5) than has O(2) (6.1). The
between the present experiment and theory is in the range ofhydrogen atom, as expected, carries a positive monopole charge.
0.005 A except for the two €0 bonds involved in the hydrogen Figure 3 shows relief plots of the negative Laplacia®?p(r)
bonds, an interaction which is not considered in the theoretical of the total density based on the experimental data (model M2)

Results and Discussion
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Figure 2. Experimental SDD maps in the planes of the phenyl group (a) and of the carboxyl group (b) and corresponding theoretical maps ((c) and
(d), respectively) from the B3LYP optimization. The contour intervals are at 0.3, egko, and negative corresponding to the lines, dotted lines,
and dashed lines, respectively.

for the two molecular planes, the phenyl ring (Figure 3a) and TABLE 3: Experimental Monopol Charges
the carboxyl group (Figure 3b). The distributions of tladence atom charge/model atom charge/model
shell charge concentration® SCC) differ. Around the carbon

atoms, three bonded VSCCs were found. For the nonpota C ¢ g gég))//mzl F@2) 77 12&(22))/,\';/'21
bonds, the VSCC maxima in bond direction form a symmetric c@) 3'.71(5)/M1 F@3) f.24(2)/M1
saddle between the bonds. The polar bond©&nd C-F show 3.71(4)IM2 7.23(2)/M2
asymmetric saddles in the relief plots. For the oxygen and  C(3) 4.00(5)/M1 F(4) 7.09(3)/M1
fluorine atoms also, nonbonded VSCC (nbVSCC) maxima were 4.00(5)/M2 7.08(2)/M2
located. Thes_e QbVSCCs are discussed Iatgr. _ c@ ggg((g))//kﬁﬂzl F(5) 77 2231%}%21
The quantitative results of the topological analysis are c(5) 4.00(5)/M1 F(6) 7.20(2)/M1
summarized in Table 4. For polar—& bonds, there are 4.00(5)/M2 7.19(2)/M2
significant differences found for the values of the Laplacian ~ C(6) 3.71(5)/M1 o) 6.51(4)/M1
between the experimental models (M1, M2) and the theoretical 3.71(4)yM2 6.49(4)/M2
; . c(7) 3.83(6)/M1 0(2) 6.12(6)/M1
model. In the multipole models based on experimental data, 3.81(5)/M2 6.17(5)/M2
the negative Laplacian at the {31) bond critical points of the H(1) 0.68(5)/M1

C—F bonds ranges from 18.1(1) to 25.7(1) &/hich is typical 0.67(5)/M2
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Figure 3. Relief plots giving the negative LaplacianV?p(r) of the total experimental density for the plane of the phenyl ring (a) and of the
carboxyl group (b).

for covalent bonds. In earlier studies,V2p(r) of C(sp)—F of sign just between the experimental and theoreticat 13,
bonds was found to be 15(4) é/Aor p-fluoromandelic acid critical points.
and 10.2(4) e/A for 1,1-difluoroallené The theoretically For the nonpolar bonds-&C and C-H, there is a very good

calculated Laplacian for €F bonds is close to zero, ranging agreement beween the results of experimental and theoretical
from —0.49 to 0.18 e/A the theoretical densities at these bond topological analyses.

critical points range from 1.86 to 1.90 é/Avhich is about 96 (3,—1) Critical points were found not only for chemical bonds
95% of the experimental density (20.1 e/). Noticeable but also for other interactions: the intramolecular contacts
differences between experiment and theory are also seen forbetween F(2)}-O(1) and F(6)-O(2), the intermolecular interac-
the C-0O bonds; however, they are involved in the hydrogen tion for the hydrogen bond-O(1)--H(1), and the short
bonding in the crystal, which is not considered in the theoretical fluorine—fluorine contacts as F(4)F(4) and F(5>-F(5). The
calculation of the isolated molecule. These topological differ- (3,—1) critical points for C-F---O and F--F' interactions were
ences between experimental and theoretical charge densitiesiot expected, and these interactions were assumed to be very
particularly for the Laplacian at the bond critical points for polar weak?!® The paths of these interactions are congruent with the
bonds have been observed befb?&% According to Coppens  shortest connection lines. The charge density at the intramo-
et al.26 the main origin of these discrepancies is attributed to lecular F++O (3,—1) critical points is 0.08 e/ that at the

the nature of the radial functions in the experimental multipole intermolecular F+F' (3,—1) critical points is about 0.06 efA
model and not to the differences between the isolated moleculeand the negative Laplacian is found to be around 1.6 &A

and the crystal or to the use of different basis sets. The radial F---O and 2.3 e/Afor F-+-F'. By the topological analysis based
functions contribute to the location of the bond critical points on experimental data, these interactions are decribed quantita-
in the topological analysis. The different behaviorpgf) and tively. The theoretical topological analysis leads to no-@B),
V2p(r) in the polar G-F and the nonpolar €C bond regions critical points for the intramolecular-FO paths. In theory, the
based on the experimental data as well as on theoreticalF---O distances are longer than those that resulted from
calculations is displayed in Figure 4. For the nonpolar bond, diffraction data. Very likely, these effects are related to the
the location of a (3;1) critical point is in a rather flat minimum  differences in the torsion angle C{6E(1)—C(7)—0(2) between
along the bond where the Laplacian does not change very muchthe theoretical model for an isolated molecule and the crystal
but along the polar €F bond, the Laplacian undergoes a change geometry. The intermolecular +F interactions seem to be of
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TABLE 4: Topological Parameters at the (3;-1) Critical
Points and at the (3;+1) Ring Critical Points¢

J. Phys. Chem. A, Vol. 105, No. 31, 2002409

TABLE 5: Topological Indices at the Maxima of
Nonbonded VSCCs

lengths  d;® o(r) —V2p(r) no. of atom—nbVSCC o(r)2 —V2p(r)2
bond [A] Al [elA3 [e/A%] eb nbVSCC atom [A] [e/A3) [e/A9]
C(2)-F(2) 1.3298(4) 0.503 2.01(3) 21.8(1) 0.18 1 0o(1) 0.343 6.18 127.84
(ortho) 1.3291(5) 0.509 2.02(2) 21.7(1) 0.17 2 o(1) 0.343 6.18 127.85
1.3285 0.44 1.89 0.49 0.02 1 0(2) 0.340 6.25 144.75
C(6)—F(6) 1.3322(5) 0.507 2.01(1) 21.6(1) 0.18 2 0(2) 0.344 6.06 110.62
(ortho) 1.3325(5) 0.506 2.00(1) 21.5(1) 0.17 1 F(2) 0.299 9.92 217.11
1.3312 0.44 1.88 0.47 0.02 2 F(2) 0.299 9.94 217.12
C(3)-F(3) 1.3290(5) 0.508 2.10(3) 25.2(1) 0.19 3 F(2) 0.299 9.93 217.12
(meta) 1.3291(5) 0.509 2.12(3) 25.7(1) 0.15 1 F(3) 0.298 10.12 227.71
1.3301 0.44 1.88 —0.18 0.05 2 F(3) 0.298 10.08 227.70
C(5)-F(5) 1.3294(5) 0.508 2.10(4) 24.9(1) 0.20 3 F(3) 0.298 10.09 227.71
(meta) 1.3296(5) 0.509 2.12(4) 25.73(6) 0.15 1 F(4) 0.297 10.18 224.97
1.3306 0.44 1.86 —-0.17 0.05 2 F(4) 0.297 9.79 220.86
C(4)-F(4) 1.3188(5) 0.528 2.11(4) 18.1(1) 0.04 3 F(4) 0.297 10.16 224.97
(para) 1.3189(5) 0.527 2.12(2) 18.5(2) 0.02 1 F(5) 0.298 10.09 227.71
1.3262 0.44 1.90 —0.16 0.02 2 F(5) 0.298 10.10 227.72
C(1)-C(2) 1.4012(4) 0.682 2.06(3) 18.6(1) 0.39 3 F(5) 0.298 10.10 227.72
1.4017(4) 0.691 2.06(2) 18.74(8) 0.37 1 F(6) 0.299 9.95 217.11
1.3955 0.67 2.13 22.00 0.28 2 F(6) 0.299 9.94 217.12
C(2)-C(3) 1.3877(4) 0.664 2.21(2) 20.74(8) 0.43 3 F(6) 0.299 9.93 217.12
12%%(4) 82;9 222212 @) 223}923? ©) g 3462 aThe_ program routine doe_s_not include the calculation of standard
C(3)_C(4) 13889(5) 0.712 216(2) 2041(9) 0.46 uncertainties for these quantltles.
1.3894(4) 0.708 2.20(2) 21.15(6) 0.43
1.3882  0.70 2.20 23.73 0.36  of short F--F contacts. Periodic Hartre¢ock calculations may
C(4)-C(5) 1.3886(5) 0.671 2.24(3) 22.0(1)  0.44 |ater contribute to a better understanding of the intermolecular
igg;g@ 8'230 22'2211(2) §§'$§(7) g;‘g’ influences. Figure 1 shows how F(4)/F(5) and FE&PB) on
C(5)-C(6) 1'.3873(4) 0.713 2'_17(1) 26.36(5) 0.45 One side and the_ carboxylic acid groups on the_other side face
1.3878(4) 0.709 2.22(1) 21.25(2) 0.42 e€achotherinakind of head-to-head or tail-to-tail arrangement,
1.3876  0.69 2.22 23.88 0.36  respectively, in the packing. The experimental density at the
C(6)-C(2) 1.3996(5) 0.724 2.08(3) 20.7(1) 034 (3,—1) critical points for these interactions is about-3%86 of
i-gggg(“) 8-;;’9 22% 1) 213-83(7) 8-2387 that of a covalent bond. This indicates a very weak interaction
ca)-c() 1.4945(5) 0721 1.74(3) 11.90(8) 0.7 wher! compared to th(_a_hydrogen_ bond in which the elt_ectron
1.4946(4) 0.721 1.74(2) 10.9(1) 0.13 density at the (371) critical point is higher. The topological
1.4972  0.74 1.79 16.50 0.10 parameters for the intermolecular hydrogen bond are comparable
O(1)—C(7) 1.2238(5) 0.769 3.04(5) 38.6(3) 0.14 to those found in other compounds, e.g., in amino acids and
ﬁggg@ 8-;;3 3-83(4) 13??-0152) 8-11:’ peptideg’-2% The experimental density(r), of 0.31 e/& at
. , , } ) - iy ) . )
0@2)-C(7) 13088(5) 0755 2.49(4) 21.8(1) 013 the (3, 1) critical point of the hydrogen bond is about 15% of
1.3086(5) 0.775 2.44(3) 24.1(1) 0.2 thatina covalent bond.
1.3455 053 2.12 17.55 0.06 A good agreement between the results by experiment and
O(2)-H(1) 1.015 0.755 2.25(8) 50.0(8) 0.03  those by theory is also observed at theHB), ring critical point
é:g%g 8:;22 5:25(5) gg:gg) g.gf for 'the phenyl group. In addition to the'(Bl) ring critical ppint
F(2)--0(1) 2.6972(7) 1.313 0.084(2) 1.604(2) 0.56 Which was expected for the phenyl ring, another(B) ring
2.6964(5) 1.316 0.085(2) 1.622(2) 0.91 crlpcal_ point corresponding to the hydrogen-bonded_ca_rt_)oxyhc
2.8452 acid dimer was found. At the latter one, there are significantly
F(6)+-0(2) 2.6463(7) 1.304 0.087(2) 1.687(2) 0.52 smaller values for the charge density (0.02 3/4nd for the
%-gggg(ﬁ) 1.302 0.087(3) 1.695(2) 0.79 pegative Laplacian (0.8 e#Awhen compared to those at the
F(4)y-F(4) 2'.6269(8) 1.319 0.058(1) 1.233(3) 0.01 ring crmca:&pomt of t_he phenyl group with values of 1.1 &/A
(2-x—y,1-2) 2.6370(4) 1.319 0.059(1) 1.253(2) 0.01 and 2.5 /& respectively.
F(5)+-F(5) 2.6277(6) 1.314 0.067(1) 1.41(1) 0.00 To get a quantitative description of the nonbonded VSCCs,
(2—x~y,—2z)  2.6274(4) 1.314 0.068(1) 1.433(1) 0.00 gn analytical NewtorRaphson search for the maxima in the
O1)--H(1) 16422 1314 0.31(8) 14(1)  0.02 negative Laplacian;-V2p(r), of the total density based on the
(—x,1—vy,—2 1.6422  1.331 0.31(1) 1.84(9) 0.01 X
fing CP1 0.11(1) 2.5(1) experimental data (model M2) was done for the valence shel'l
(aromat) 0.11(1) 2.6(1) sphere around the fluorine and the oxygen atoms. The topologi-
_ 0.14 3.49 cal parametersp(r) and —V2o(r), are given in Table 5. For
ring CP2 _ 0.02(1)  0.8(1) every oxygen atom, two nbVSCCs were localized as-83,
(bridge of dimers) 0.02(1)  0.8(1) critical points in the negative Laplacian, while three critical

ad, is the distance from the first atom of a bond to the critical point

(3,~1). ® The ellipticity, ¢, is 21/(Z, — 1), wherei; and; are the two
negative curvatures qf(r) at the (3;-1) critical point.© First Row of

points of this type were obtained at each fluorine atom. The
positions of the nbVSCCs are displayed in Figure 5. Although
the nbVSCCs cannot be equated with the lone pairs of two

Data Refers to Model M1, the Second Row to M2, and the Third to

the Theoretical Model. electrons of opposite spin, the maxima are oriented in a

geometric range which is predicted by the valence-shell electron-
energetic disadvantage. But the crystal packing, including the pair repulsion (VSEPR) modé?:3! For O(1), the coplanarity
stacking of phenyl groups and the formation of hydrogen bonds, of the nbVSCCs with the carboxyl plane and the angle o126
is very likely of more energetic advantage than the disadvantagebetween both nbVSCCs and C{A)(1) support a trigonal planar
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Figure 4. One-dimensional experimental and theoretical distributions(gf[e/A%] (y-axis in Figure 4a,b) and 6¥2p(r) [e/A5] (y-axis in Figure
4c¢,d) versus the C4C5 and C(4}-F(4) bonds %-axes, [A]). Experimental and theoretical bond critical points are marked with plus mark and

asterisk, respectively.

Figure 5. Located maxima of nonbonded valence shell charge
concentrations (big circles) around fluorine and oxygen atoms in the
molecular structure of PFBA.

geometry. The distance O@hbVSCC is 0.34 A, and the
distance nbVSCENbVSCC is 0.54 A. For O(2), the angles
between the nbVSCCs and the bonds to adjacent atoms rang
from 91° to 1271°, forming a distorted tetrahedron. The distance
0O(2)-nbVSCC is 0.34 A, and between the nbVSCCs, it is
0.54 A.

For each fluorine atom, three maxima of nbVSCCs form a
triangle in a plane which is perpendicular to the plane of the

phenyl group. The distances between a fluorine atom and its

nbVSCCs range from 0.297 to 0.299 A. The angles between
two nbVSCCs and the corresponding fluorine atom range from
93° to 133, indicating a distorted tetrahedral geometry. The
distortion may be also related to the ¥ and F--F interactions.

The molecular dipole moment of PFBA was calculated for
the two multipole refinement models and by theory (B3LYP/
6-311++G(3df,3pd)) for the isolated molecule in the optimized
geometry as well as in the crystal geometry. On the basis of
the diffraction data, an enhancement of the electrostatic moments
of molecules in the crystals due to an induced polarization by
the crystal field and hydrogen bonds had to be expe@&@&te
molecular dipole moment is by theory for an isolated molecule
in the optimized geometry 1.7 D and for an isolated molecule
in the crystal geometry 1.9 D. In the crystal, it is increased to
4.2(5) D for model M1 and to 3.8(4) D for model M2. These
large differences are attributed also by Coppens ét . a
lack of intrinsic physical constraints in the multipole refinement.

The electrostatic potential was calculated using the method
of Su and Coppergon the basis of the experimental model
M2 and is displayed in Figure 6. This calculation considers the
hydrogen-bonded dimer extracted from the crystal and still
%ontaining the polarization effects induced by intermolecular
interactions, like the hydrogen bonds. The isosurface representa-
tion of a hydrogen-bonded dimer of PFBA shows a region of
negative potential around the atom O(1) of the carboxyl group
and the fluorine atoms in the ortho and the meta position (F(2),
F(3), F(5), F(6)). A region of positive potential is found around
the flourine F(4) in the para position and around the hydroxyl
group which is involved in the hydrogen bond.

Conclusion

The distances between two nbVSCCs at one fluorine atom range This charge density study of pentafluorobenzoic acid focused

from 0.44 to 0.54 A.

on the polar C(sp—F bond, the hydrogen bond, and the
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Figure 6. Three-dimensional electrostatic potential based on experimental data for the hydrogen-bonded dimer of PFBA. Three isopotential surfaces

are shown: blue 0.50, red0.03, and net 0.00 e/A. Symmetry-generated atoms are marked with the X2_ prefix.

nonbonding interactions-+F and F--O, including a topological dipole moment are remaining, but it was shown that charge
analysis of the experimental and theoretical electron density to density studies with topological analysis are very worthwhile
yield quantitative data. The parameters of the topological to get quantitative parameters for characterizing bonds and
analysis are in good agreement with other studies on thE C  nonbonding interactions from experimental data.

bond, which used other experimental conditions and other basis

sets for theoretical ab initio calculations. This agreement includes Acknowledgment. This research was supported by the
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its sign close to the (3;1) bond critical points of €F bonds
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points bearing very low charge densities were also found for
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