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The solid-state structure of 4-iodobenzoic acid has been confirmed by variable temperature X-ray diffraction,
variable temperature solid-state NMR and differential scanning calorimetry. 4-iodobenzoic acid crystallizes
in the space group2i:/n, and dimerizes in the solid state about a center of inversion. Using extensive X-ray
crystallographic data collections, the placement of the carboxylate H atoms from the residual electron density
in difference Fourier maps was determined. The position of the electron density associated with the proton
is found to vary with temperature in that the population of the disordered sites changes with varying temperature.
Determination of the crystal structure between the temperatures of 248 and 198 K was not possible due to a
phase transition, an endothermic event occurring at 230.77 K. The phase transition is also indicated by a
change in the relaxation time of the ring carbon atoms in the solid-state NMR data. Though the dominating
force in the dimeric unit in the solid state is the presence of strong hydrogen bonds, there are also van der
Waals forces present between the iodine atoms. In the layered structure, the-iodine distance is within

the van der Waals contact radii, an interaction which causes a deformation in the electron density of the

iodine atoms.
I. Introduction O——H======--~ o
The carboxylic acid moiety is an important structural feature R PY \ R
that occurs frequently in crystal engineering and biolégfyin
general, structures of carboxylic acids in the solid state are
dominated by dimers in which the carbonyl oxygen and O========-- H'—0O'

hydroxyl groups act as donors and acceptdrs® The structure
of this hydrogen-bonded dimer is shown in Figure 1.

As also shown in Figure 1, the full, real space hydrogen bond Fi.gure 1. Schematic representation of a typical carboxylic acid dimer
scheme is often developed via a crystallographic center of With the crystaliographically generated atoms as X
inversion>~16 However, the presence of a carboxylic acid group
does not always imply the presence of a dimeric struétaned

@ = position of center of inversion

4-lodobenzoic acid is of interest as the molecular structure

wo-dimensional networks and chains have also been obser eolensures that there are several possible identifiable forces that
-di : W And chal veal v may exist in the lattice; the most obvious of these is the
In systems where the dimeric structure is observed, the

degenerate nature of the atoms involved in the hydrogen-bondec’q.ydmgen_bondlng interaction, but‘stacking”, van der Waals,

- o X .~ dispersion, and multipole forces may all play a role. As we shall
carboxylic acid dimer has attracted the |nter_e42t of the theoretical show, the structure that is evolved on crystallization is dependent
community as a model for proton transfe¥.

. . L ) on several of these factors, and we offer a qualitative ordering
The 4-halo benzoic aC|dzsg 3(;[33’?5?""82‘9 isostructurally in the ¢ e strength of these interactions: moreover, the presence of
monoclinic space group2y/n®>>>4"*%and are dimericinthe  aqe forces is confirmed by the unsatisfactory spherical atom

solid state, a phenomenon that is also persistent in soltftion. ofinement of the diffraction data at any temperature. Given our
The structure of 4-iodobenzoic acid has been known since 1982, ierest in the structural chemistry of the hydrogen atom, we

when the powder diffraction pattern was first repofed.single  yere interested in the arrangement of the hydrogen atom
crys'gal diffraction experiment two years later also §ubstant|ally positions in the presence of a range of other possible interactions.
confirmed the molecular structure and latt®dn this paper, It is well accepted that the most common diffraction technique

we (_examine the structure of 4-iodobenzoiq acid to characterize ¢, the location of H atoms in a hydrogen bond is neutron
the intermolecular hydrogen bond and to investigate the other igtaction. However, an important distinction must be made,
forces that determine the structure of this material, employing i, that a neutron diffraction experiment simply describes the
a series of X-ray diffraction measurements, solid-state NMR, 1, cjear density in the hydrogen bond and the distribution of
and differential scanning calorimetry in addition to spherical g|actron density in a molecular system is only measurable by

atom refinements of the diffraction data. X-ray diffraction experiments. In many heavy atom systems,
- . — the nuclear and electron densities are strongly correlated;
Department of Chemistry, University of Tennessee. however, the density in a hydrogen bond is not correlated in

* University of Glasgow. R o
§ Neutron Sciences Consortium and Department of Chemistry, University the same mannéP.The distribution of density in a 3-centered

of Tennessee. 4-electron bond such as the hydrogen bond is often diffuse and
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TABLE 1: Selected Refinement Parameters for the Collected Data

J. Phys. Chem. A, Vol. 109, No. 11, 2005687

T (K) 103 123 148 173

0 range (deg) 2.7928.33 1.35-28.28 2.69-28.20 2.76-28.24

index range for data collection —-5<h=<5 —-5=<h=<5 —-5<h=<5 —-5<h=<5
—-7<k=7 —-7<k=<7 -7<k=7 —-7<k=7
—39=<1=<39 —39<1<40 —40<1<40 —39=<1=<39

no. of reflns collected 6519 6704 6783 7365

no. of ind reflns 1759 1755 1748 1781

completeness t6 = 28.33

[R(int) = 0.0232]
96.30%

R(int) = 0.0267]
96.00%

R(int) = 0.0294]
95.70%

R(int) = 0.0267]
97.20%

data/restraints/parameters 1759/0/93 1755/0/92 1748/0/92 1781/0/92
S 1.311 1.446 1.426 1.323
final Rindices | >29(1)] R1=0.0335, R1 = 0.0574, R1=0.0613, R1=0.0423,
wR2 = 0.0777 wR2 = 0.1492 wR2 = 0.1533 wR2 =0.1011
Rindices (all data) R1 = 0.0366, R1 = 0.0584, R1=0.0627, R1=0.0474,
wR2 = 0.0785 wR2 = 0.1495 wR2 = 0.1538 wR2 = 0.1025
T(K) 198 248 298
6 range (deg) 1.3528.25 2.76-28.29 1.36-28.24
index range for data collection —-5=<h=<5 —-5=<h=5 —-5=<h=5
—7=<k=7 —8=<k=<8 —7=<k=<8
—39=<1=<39 —39=<1=<39 -39=<1=39
no. of refins collected 7325 7007 6917
no. of ind reflns 1775 1789 1785
[R(int) = 0.0291] R(int) = 0.0283] R(int) = 0.0312
completeness t6 = 28.33 96.20% 95.90% 96.10%
data/restraints/parameters 1775/0/92 1789/0/92 1785/0/92
S 1.319 1.358 1.308
final Rindices | >25(1)] R1 = 0.0550, R1=0.0417, R1 = 0.05086,
wR2 =0.1275 wR2 = 0.1047 wR2 =0.1234
Rindices (all data) R1 = 0.0607, R1 = 0.0457, R1 = 0.0589,
wR2 =0.1292 wR2 = 0.1059 wR2 = 0.1260

anisotropic in nature; however, the nuclear density is generally structure was solved by direct methods (SHELX Pt jefined

not diffuse in a 3e-4e bond. Therefore, the only way to clearly by the full matrix least-squares method, and completed by a
demonstrate the distribution of electron density in a bond is series of difference Fourier syntheses. All non-hydrogen atoms
through a series of extensive X-ray diffraction experiments.  were refined anisotropically, with the aromatic hydrogen atoms
being introduced at idealized positions and refined using a riding
model. WeightedR-factors,wR2, and all goodness-of-fit values

. . 2
4-lodobenzoic acid was purchased from Acros and was &€ }:f)fased _o'r' . lori dtod ine th
recrystallized from acetone. The material crystallizes as thin _D!fferential scanning calorimetry was used to determine the

plates from the slow evaporation of an acetone solution (0.0534 thérmodynamics of any phase behavior, using a l\/cl)ettler Toledo
M). For the temperature range 19398 K, the crystals were ~ DSC 820 with a temperature range-6120 to+100°C and a

mounted in a loop in Paratone oil. For temperatures of 223 K Neating/cooling rate of 18C/min. The samples were prepared

to room temperature, the crystals were mounted with epoxy on In @uminum pans. For the measurement of heat capacity, the
a glass fiber. Single-crystal X-ray diffraction data were collected 22@SiC lines of the empty pan and sapphire reference were
using a Bruker AXS Smart 1000 diffractometer equipped with measured and compareql to the heat flow measurements_of the
a CCD area detector and graphite monochromatized Mo sourceS@mple. The heat capacity of the sample was measured in two
(Mo Ko, 0.71073 A) and a Nicolet LT-2 cooling system. The

crystal-to-detector distance was 5.0 cm. The parameters of each  CPMAS solid-state NMR data were collected at a frequency
data collection are collated in Table 1. of 100.550 MHz using a Varian INOVA 400 NMR spectrom-

More than a hemisphere of data were collected over the St€r- The 90 pulse of proton resonance was:é, the contact
angular range of 2.76 20 < 28.33 (103 KJ! Frame widths time was 5 ms and a MAS rate 6.555 kHz was used. A total of

of 0.3 were used for the data collection of 6519 reflections, 400 transients were collected with a relaxation delay & and

counting 40 s per frame. Data reduction and spherical atom &" acquisition time of 45 ms. ) ) .
analyses were carried out using the Bruker program Saintl Solution NMR data were obtained using a Varian Mercury
the General Structure Analysis System (GSASJhe unit cell 30? MHz spectrometer, at which field the resonant frequency
dimensions were refined on the basis of 5544 reflections. A Of °C i 75.454 MHz, with theH frequency being 300.088
multiscan absorption correction was made using SADASS. MHz, from solut|.ons of the recrystallized material in I;)MSO-.
The data collection for 173 and 298 K was repeated and an ds. _Chem|cal _shlfts_were referenced to te_tramethylsnane via
analytical absorption correctihwas used to ensure the results residual*H residues in the solvent or tR&C shift of the solvent.
of the preceding experiments were valid, considering the habit
of the crystal as well as the presence of iodine in the molecular
structure. The results from these experiments showed little A. Temperature Variation and Structure of the Lattice.
change in the hydrogen bond motif or in the residual electron Diffraction data were collected from crystalline specimens of
density distributed around the iodine. 4-iodobenzoic acid, grown from evaporation of an acetone
Systematic absences were consistent with the space groupsolution, at temperatures of 103, 123, 148, 173, 198, 248, and
P2;/n. A total of 6159 reflections were collected, and merging 298 K. Initial spherical atom refinements were unsurprising and
of equivalent reflections gave 1759 unique reflectioRg; (= confirmed the previously determined space groupafn, and
2.32%), with 1622 classed as observeH| > 4og). The the room temperature lattice parameters were found to be similar

Il. Experimental Section

Ill. Results
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(a) (b)
Figure 2. (a) Molecular structure of 4-iodobenzoic acid, corresponding to the asymmetric unit in the crystal, together with (b) the structure of the
dimmer at 103K.
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Figure 3. Packing diagram at 103 K showing the dimeric unit within
the unit cell.

to the previously reported valués31 The two sets of previously
determined lattice constants are compiled in Table 2, together
with the same constants determined in these experiments.

TABLE 2: Lattice Parameters (Reduced Unit Cell) for the
Collected Data at Variable Temperature

a(h) b (A) c(A) p(deg) T(K) ref

4.160 6.040 30.108 90.48 208 31
4.156 6.030 30.109 90.52 208 29

4.0567(12) 5.9409(17) 30.223(9) 91.019(4) 103 this work
4.0688(10) 5.9466(15) 30.253(8) 90.982(4) 123 this work
4.0778(11) 5.9724(17) 30.243(8) 90.893(4) 148 this work
4.0960(13) 5.9745(19) 30.157(10) 90.852(5) 173 this work
4.1049(6) 5.9933(9) 30.179(5) 90.878(2) 198 this work
4.1305(5) 6.0075(7) 30.143(3) 90.731(2) 248 this work
4.1527(19) 6.009(3)  30.037(3  90.623(7) 298 this work

B. Molecular Structure from Spherical Atom Refinements.
The gross molecular structure, determined from spherical atom
refinements, is unsurprising with the non-hydrogenous structure
remaining relatively invariant with temperature. A representative
structure of the asymmetric unit is shown in Figure 2a together
with the structure of the dimer evolved through the center of
inversion. Figure 3 shows the unit cell for the lowest experi-
mental temperature, and Figure 4 shows the asymmetric unit at LN Rt ALY AR AR A AL AR A
the highest and lowest temperatures of measurement. Salient
bond molecular structural parameters are given in Table 3, 223K
together with the labeling scheme.

Figure 4. Representation of the asymmetric unit at 103 K (top) and
298 K (bottom).

248K

TABLE 3: Selected Intramolecular Structural Parameters
at Variable Temperature

Hi—0;4 Cs—Cs
\C7_CG \\01_|1
/ \ f— / 178K
0, Cs—C,
T T T T TTrrTT T T T T
T fore; (A) rosc; (A) Figure 5. 13C CPMAS SSNMR variable temperature spectra.
103 1.300(7) 1.233(7)
123 1.295(13) 1.240(13) Solid-state NMR spectra were consistent with the asymmetric
i;‘g i:ggi%i’) %_gigg;’) ur_1it and are s_hown in Figu_re 5_. These spectra also showed a
198 1.282(11) 1.241(11) slight change in the relaxation time for the ring carbon atoms,
248 1.277(8) 1.241(8) as determined from Lorentzian fits to the measured spectra. The

298 1.268(10) 1.234(10) resonances at/ppm= 138.94,6/ppm= 131.80 andd/ppm=
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Figure 6. DSC data for 4-iodobenzoic acid, with the temperature
transition centered around 23@33 K.

127.86 are assigned to the ring carbons (C2/3, C4/5 and C6
respectively), with the carboxylate carbon, C7, resonating at
olppm = 173.48.

Differential scanning calorimetry showed a small and broad
endothermic event centered around 230.77 K; the onset of this
transition is at 222.58 K and the transition is complete by 233.44 Figure 7. Packing diagrams from the 103 K data set demonstrating
K. The temperature profile of the transition is shown in Figure the stacking of the dimeric units as well as the interactions.

6 and the transition is characterized by a change in entrafy (
= —0.393 J K mol™) and a change in enthalpyA =
—91.77 J mot?).

H3

IV. Discussion

The intention of this study was to analyze and understand -
the electron density associated with the hydrogen atom involved
in the hydrogen-bonded dimer interaction and follow these
changes with temperature. Diffraction data collected at variable =
temperature revealed the expected intramolecular structure with
apparently little change in this structure with temperature.
However, repeated attempts at structure solution from the 223 7
K data set were unsuccessful. Data were re-collected at 223 K
several times, each time the reflections could not be indexed.
When the data were indexed using a known unit cell from the
198 K data collection, the agreement in the reflections was poor.
Of 800 reflections analyzed using Smargll 800 were indexed
in h andk, but only 205 were indexed in The final structure Figure 8. Fourier difference map showing the residual electron density
solution from this attempt led to unreliable results vifiactors around the iodine position at 103 K ranging frer8.64 to+2.87 e/A3,
of greater than 35% when using the atomic positions and thermal
parameters from the 198 K data set. The putative molecular residual solvent present in the first run that was subsequently
structure from this attempted refinement was unphysical with evaporated upon heating of the sample.
respect to geometry, bond lengths, and angles. Differential In common with many carboxylic acids, the dimeric unit
scanning calorimetry in the temperature range -1333 K present in 4-iodobenzoic acid is generated by the presence of a
revealed a broad phase transition centered at 230 K. Analysiscenter of inversion and this center of inversion lies in the plane
of the relaxation times of thEC resonances of the 4-iodoben- of the carboxylate group. Figure 4 shows the two asymmetric
zoic acid also showed a changeTinat the transition temper-  units for the low and high temperature phases. Unsurprisingly,
ature for the phase transition. This phase transition does not,these dimeric units persist at all temperatures of measurement,
however, cause any drastic change in the molecular structure with the only observable structural difference between them
Thel3C isotropic chemical shift in the solid statéd = 29.293 being the hydrogen positions, vide infra. As such, the description
Hz) show little variation, though static wide line spectra were of the crystal is best discussed using the dimer as the basic
not recorded and so no determination of the individual com- chemical unit present.
ponents of the chemical shift anisotropy are therefore given.  This dimeric unit is stacked in single stacks and a series of

That the phase change is minor is clear from the magnitude packing diagrams are presented in Figure 7, showing the
of the thermodynamic parameters. The change in entropy andarrangement of the dimers. Interestingly, the dimeric units are
enthalpy determined from the two DSC experiments/sfe= arranged in the maximum energy configuration with respect to
—0.393 J Kt mol~t andAH = —91.77 J mot!, respectively. the dipole moment present on each acid moiety, though the net
The differences observed in the two sets of data are due to thedipole moment of the dimer is clearly zero.

=2
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103 K _ i 123K
198 K | | i 248 K
298 K : M

a

-1 -2 -1 o 1 2 3

Figure 9. Fourier difference maps showing the carboxylate proton position in the dimeric unit from the spherical atom reftAédoataur
levels are drawn at 0.04 e A

These one-dimensional lamellee are bound through interac-is highly distorted and cannot be adequately described by a
tions between the iodine atoms. This interaction is strong and spherical atom model. The residual electron density surrounding
is the dominant structure-developing force in the crystal, after the iodine atom ranges from4.24 to+2.84 e A3 when an
the hydrogen bond interaction. The interaction between iodine empirical absorption correction was applied for the 173 K data
atoms occurs both between molecules in the layers and betweerset> When an analytical absorption correction was applied to
iodine atoms of adjacent layers. The interlayer iodiigaline a data set at the same temperature, the residual electron density
contact distance ranges from 4.075 to 4.153 A for the available ranges from—5.78 to +2.05 e A?35 Figure 8 shows a
temperature range of experimental data. The van der Waalsdifference Fourier map of the distribution of the residual electron
radius for | is 1.98 A7 which implies that there is a nonbonding  density around the | atom following an empirical absorption
contact between the iodine atoms. However, the iodiodine correction at 103 K. The deformation of this electron density
distance between adjacent layers ranges from 3.932 to 3.992 Aprotrudes perpendicular to the plane of the asymmetric unit.
for the given temperature range, distances that are within the This raises questions as to the driving force for the packing.
van der Waals radius sum for two iodine atoms. Though hydrogen bonding is an obvious driving force for the

The strength of the-tl interaction is seen in the spherical formation of the dimeric unit, the iodirgodine contacts appear
atom refinements carried out; the electron density at each | atomto be the interactions that drive the disposition of the lamellar
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TABLE 4: Population of the Major (A) Configuration in the Structure of 4-lodobenzoic Acid

T (K) XaF 1—Xar Khr In Ky ¢ Xa,s0F 1 — Xasor Kh.soF In Ky sor ITF
103 0.578 0.422 1.37 0.314 0.6779 0.3221 2.105 0.744 0.029
123 0.525 0.475 1.10 0.099 0.6201 0.3799 1.6323 0.490 0.022
148 0.491 0.509 0.96 —0.037 0.6861 0.3139 2.1857 0.782 0.028
173 0.457 0.543 0.84 -0.171 0.6146 0.3854 1.5947 0.467 0.028
198 0.412 0.588 0.70 —0.355 0.638 0.362 1.7624 0.567 0.052
248 0.547 0.453 1.21 0.190 0.5502 0.4498 1.2232 0.201 0.037
298 0.503 0.497 1.01 0.012 0.633 0.376 1.6835 0.521 0.034

aThe linear region is in the low-temperature range, up to 198 K. The SOF, site occupancy factor, refinements are less reliable for these split site
H atoms than are the occupancies estimated from direct imaging from the Fourief'rddpss the population of the major configuration as
determined from examination of the difference Fourier méps. (Xa)/(1 — Xa). ITF is the isotropic thermal factor These data above the phase
transition were excluded from the thermodynamic fit.

structure. In a search of the Cambridge Structural Database

Qn=====n] H—0Q,
(CSD), this type of halogenhalogen interaction is found to be /
quite common for 1,4-substituted benzene molecules, with the ! / .
shortest reported contact distance for th¢dontact being 3.748 O—Henmomemm e

A.58,59

In terms of the intramolecular structure of 4-iodobenzoic acid,
all bond lengths and angles are well within the normal observed
range®85° The torsion angles described by ©C7 and C6-

C4 [6.6(8y] and by O2-C7 and C6-C5 [6.8(8¥] are typical

O—H--=----- o
for benzoic acid derivatives. The oxygecarbon-oxygen angle \
of the carboxylate unit has a value of 123.2(%yhich is typical ! \ .
of carboxylic acid units. A search of the CSD demonstrates that O H—0

the range fpr the ©C—0O angle in 4-substituted benzoic acid  Figyre 10. Valence bond representations of the split-site equilibrium
molecules is 113:6128.4.5859 in 4-iodobenzoic acid.

The dimeric unit is held together by the presence of a strong _ ) )
hydrogen bond. The electron density associated with the H atom  Taking a perfectly disordered system, as described above, as

in this bond was located in Fourier difference mapsi 1 = the model for the data, then an equilibrium const#at, can
Fobs — Feals With no placement of the H atom in the calculated be written as

model. Fourier maps at successive temperatures are shown in X X

Figure 9. Table 4 shows the site occupancy factors for each K, = TA__TA

temperature for the distribution of electron density associated Xz (1—X,)

with the H atom position and the 3-centet-electron (3e-4e)

bond between dimers. assuming a site occupancy over the disordered hydrogen atom

As seen in the difference Fourier maps in Figure 9, at 103 K sites such that
the electron density associated with the hydrogen-bonded proton
position (H1) is strongly associated with only one of the oxygen
atoms in the carboxylic acid urfi. However, this correlation
changes dramatically with temperature, in accord with previous
studies in similar systenfd.In the 173 K data, for example,
there appears to be a “split-site” disorder associated with the —AG —AH  AS
electron density in the hydrogen bond. This trend is followed ~ INKy=—FF=—F®f3 +x  atanytemperaturé
with increasing temperature, but at room temperature, the
presence of thermal motion and disorder does not allow us to AG is the difference in Gibbs free energy for the two isomers
image adequately the distribution of the electron density with populations A and B. Table 4 contains the results of the
associated with the hydrogen atom in the hydrogen bond. population analyses derived from the integration of the Fourier
It is reasonable to assume that the observed peaks in themap, with a data cutoff ofFgpndo(Forg = O and the site
Fourier maps are due to a disordered population over two occupancy factors, SOF, from the spherical atom refinements
possible H atom sites. A valence bond representation of the of the data. A plot of InKy Fourier) VS inverse temperature for
two possible formg andll observed in the average structure temperatures in the range 10898 K is shown in Figure 11.
is shown in Figure 10, illustrating the hydrogen bond split-site From the slope of the linear fit to the datAH/R = 135.43,
equilibrium. Moreover, it is assumed that there is no order in yielding a value forAH of 1.13 kJ mot? for the enthalpy
the distribution of these valence bond representations from unit difference between the configurations. This value compares
cell to unit cell and that therefore the distribution is statistically favorably with other similar measurements, viz. 0.50(4) kJthol
random. No evidence of any ordering of the dimeric units with for benzoic aci?%3and 1.64(9) kJ motl* for p-chlorobenzoic
respect tol andll or any resulting superlattice was found in  acic®* obtained previously from neutron diffraction data.
the diffraction data; we note that if the only discrimination Interestingly, despite the clearly strong trend in the redistribu-
between a system of valence bond isomers ordered over ation of proton occupancies between the two oxygen atoms in
superlattice and a randomly disordered situation were the the COOH unit, there is no parallel trend evident in the@
location of the hydrogen atoms, then these X-ray diffraction bond length differences; the simplél site model does not
experiments would be unlikely to reveal them, given the reproduce the bond lengths observed in this study. Indeed,
scattering power of the electron density associated with a inspection of the CSD for carboxylic acid dimers and extracting
hydrogen atom. the O—H, C—0, and G=0 bond lengths reveals that there is

X, +Xg =1

whereX; is the population of théth atom site.
Using the definition ofKy, it follows that
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V. Conclusions

041 This study, by determining the electron density associated
with the hydrogen atom participating in an apparently well-
02 understood structural moiety, has shown that a simple delocal-

ized approach to the determination of the hydrogen atom
disorder is not as complete as might be desired. A split-site
0.0- model of the distribution of the electron density directly

associated with the hydrogen atom, obtained from difference
Fourier maps yield values for the enthalpy differences between

InK

-0.2 4 the two distinct molecular configurations in the lattice that are
/ consistent with previous measurements. However, the structural
S m consequences of this model for the carboxylate group in terms
0.4

of a valence bond delocalized picture of the bonding are not
. . fully borne out in the observed-€0 bond lengths determined
0.010 from spherical atom refinements of the data, suggesting further
T (K™ complexity. The application of theoretical calculations to this
Figure 11. Plot of In Ky, vs inverse temperature for the split-siie  and similar systems, as well as charge density analysis, are in

populations, extracted from the integration of the Fourier map with a Progress.
data cutoff ofFopdo(F) = 0. ASAH/R = 135.44 AH = 1.126 kJ mot?
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