ROYAL SOCIETY

OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Structural organization in the trimethylamine

i'.) Check for updates‘
iodine monochloride complext

Cite this: CrystEngComm, 2017, 19,
5194
William G. Marshall, £ Richard H. Jones, ©*° Kevin S, Knight,® John Clews,”

Richard J. Darton, @° William Miller,® Simon J. Coles @ ¢ and Mateusz B. Pitak®

The structure of the complex formed between trimethylamine and iodine monochloride had been
redetermined by a combination of neutron powder diffraction and X-ray single crystal diffraction tech-
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niques. The structure determined using NPD shows that the geometry of the trimethylamine moiety re-
sembles that in trimethylammonium cations rather than in the free trimethylamine molecule. The structure
shows the presence of weak C-D---Cl hydrogen bonds, The |I-Cl bond length is in agreement with that de-
rived from an analysis of the pKj, values of a series of nitrogen bases and previously determined structures
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Introduction

Halogen bonding is an area of increasing importance in
chemistry. The rapid rise in the number of papers mention-
ing halogen bonding has been commented on previously,!
with the number of papers discussing either halogen bonding
or halogen bonds in the title or abstract having risen from 15
in 2002 to 305 in 2016."*

The existence of halogen bonds has been known since the
19th century;® however, the first modern description of the
bonding in these compounds was not proposed until the
1950s,” which was no doubt motivated by the first determina-
tion of the crystal structures of complexes formed between
donor species such as Cs;H;N, (CH;);N, and 1,4-dioxane in
combination with acceptor molecules such as I, Br,, ICL®
The initial view of the halogen bonding interaction was that
there was substantial charge donation from a lone pair on
the donor atom into an anti-bonding c* orbital of the accep-
tor molecule.” However, the currently accepted view of the
bonding concentrates on the electrostatic interaction between
an area of negative potential on the donor and positive po-
tential on the halogen (c-hole).® The c-hole of the halogen is
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located on the extension of the axis of the bond between the
halogen and the atom to which it is bonded®® This descrip-
tion of halogen bonding (also taking account polarization
and dispersion effects”®) has become the most widely ac-
cepted view for the majority of compounds in which such
bonds occur.

In addition to fundamental questions of bonding in these
complexes, halogen bonding has also been studied for its
similarity to hydrogen bonding,’ and also for its role in many
other areas of chemistry, for example, in supramolecular
chemistry,'® liquid crystals,"* and biological systems."” In the
context of the latter, the potential role of secondary
stabilising (C-H---X) interactions may be of relevance in dic-
tating a specific orientation of a substrate molecule at an ac-
tive site.”> Recently, calculations on the interaction of
substituted bromobenzene with acetone predicted that there
may also be secondary stabilising interactions between the
hydrogen atoms of the acetone and an area of negative
electrostatic potential encircling the bromine c-hole."* Using
neutron powder diffraction techniques, we have recently ob-
served in the complex formed between acetone and bromine
that there is just such a stabilising weak C-H interaction."”
We have also observed similar interactions in the complexes
formed between pyridine and ICl and IBr. As a consequence
of the interplay between the halogen and weak hydrogen
bonding interactions we have also observed unusual thermal
expansion properties, such as negative thermal expansion
and colossal thermal expansion.'®

Complexes between FCl and CN-X (X = CN, NC, NO,, F,
CF;, Cl, Br, H, CCF, CCH, CHj3, SiH;) molecules have been
studied recently."” Some of which have properties which re-
semble those seen in the earliest structurally characterized
halogen-bonded complexes. For example, linear geometries

This journal is © The Royal Society of Chemistry 2017
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and Cl---C distances which, though they exceed the sum of
the covalent radii, have values which are much closer to this
value than the sum of the van der Waals radii."” One of the
conclusions that the authors derived from this study was
that, as the basic strength of the isocyanide increased, “...the
nature of the halogen bond changes from conventional
chlorine-shared to ion pair”. These systems, together with
SiN-R complexes, have also been recently investigated by Po-
litzer and Murray’ (in which Cl, was modelled as an acceptor),
who attributed these effects to the group 14 elements being
strongly polarized by the ¢ hole of the chlorine atom of the
FCI molecule. They also noted that these polarization effects
could merge into dative sharing and, as such, it is perhaps
open to question whether these systems are true halogen-
bonded complexes. We have recently reinvestigated several of
the original halogen-bonded complexes containing nitrogen or
oxygen as the donor (D) and either halogen (X,) or inter-
halogen (XY) molecules as the acceptor.">'® These have some
features similar to those seen in the FCl and CN-X complexes
in that they typically contain a linear D---X-Y motif in which
the D---X distance is typically 10% longer than the covalent ra-
dii."® Historically, these systems were amongst the first to be
characterised and are still often mentioned and discussed in
standard undergraduate textbooks."’

In this work, we have re-investigated the structure of the
complex formed between ICl and trimethylamine (TMA)
using neutron powder diffraction (NPD) and variable-
temperature single crystal X-ray diffraction. The molecular
structure of this compound was first investigated by Hassel
and Hope in 1960,%° who reported the characteristic indica-
tors of a strong halogen-bonded complex, i.e. a linear N---I-
Cl arrangement with a nitrogen---iodine distance longer than
a covalent bond but shorter than a van der Waals contact,
and a lengthened I-Cl distance. The original crystal structure
determination was carried out using photographic methods
(visual estimation of intensities) and Fourier refinement of
the data. Given the success of recent crystallographic studies
in determining accurate hydrogen positions in molecular
solids,>" we thought it would be timely to reinvestigate this
important crystal structure using modern -crystallographic
methods and so obtain somewhat more precise information
on the positions of the hydrogen atoms and to investigate
the possible occurrence of C-H---X bonds.

Experimental

The samples to be studied using X-ray diffraction were pre-
pared by the slow addition of a commercial (Sigma Aldrich)
1.0 M solution of iodine monochloride to an ice-cold solution
of trimethylamine (45% wt) in stoichiometric quantities. The
resulting orange precipitate was collected and recrystallized
from a solution in hot methanol, which was slowly cooled to
produce suitable crystals. In the case of the sample for the
neutron powder diffraction experiment, perdeuterated tri-
methylamine (Sigma Aldrich) was condensed into a gradu-
ated test tube which had been placed in Dewar flask
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(methanol-N,(1) cooling mixture) to which was added a stoi-
chiometric amount of 1.0 M iodine monochloride in
dichloromethane (Sigma Aldrich). As before, the resulting
precipitate was recrystallized from hot methanol.

For the X-ray diffraction study, a small single crystal (0.24
% 0.2 x 0.18 mm) was selected as a suitable specimen. Single-
crystal X-ray diffraction data were collected using a ‘Bruker-
Nonius Roper’ CCD camera on a k-goniostat mounted at the
window of a Bruker FR591 rotating anode X-ray source (Mo
Ko, 2 = 0.71073 A). Diffraction data were collected at room
temperature, i.e. 298 K, and 110 K.>*** For the neutron pow-
der diffraction study, the recrystallized deuterated sample
material was gently ground in a cooled agate pestle and mor-
tar and then transferred into a thin-walled quartz tube. Once
filled, the quartz tube was placed in a thin-walled vanadium
sample can which was then attached to a sample stick and
then cooled to 110 K in an AS “Orange” helium cryostat.
High-resolution neutron powder diffraction patterns were
then collected from this sample using the HRPD time-of-
flight diffractometer at the ISIS facility of the STFC Ruther-
ford Appleton Laboratory.

The resulting single-crystal X-ray diffraction data were of
sufficient completeness and quality for the crystal structures
to be solved using ab initio methods®* and then refined by
least squares® using a Chebychev weighting scheme.>® One
low angle reflection, that appeared to suffer from significant
extinction effects, was omitted from the refinements. All of
the hydrogen atoms were located from Fourier difference
maps and allowed to refine independently with isotropic tem-
perature factors. In the case of the 298 K data set, suitable re-
straints were applied to the H-C-N and H-C-H bond angles
of the TMA molecule and one equivalent temperature factor
was applied to all the hydrogen atoms of each methyl group.
The 110 K X-ray structure was used as the starting model for
the Rietveld profile refinement (using GSAS)*’ of the neutron
powder diffraction patterns. Isotropic thermal parameters
were used for all atoms in the neutron diffraction structure
refinement.

Results and discussion

Crystallographic data resulting from the X-ray and neutron
diffraction structure refinements are given in Table 1. Se-
lected intramolecular contact distances and angles are shown
in Tables 2 and 3. Fig. 1 illustrates the quality of fit of the
GSAS Rietveld profile structure refinement with the observed
110 K NPD pattern from the deuterated TMA:ICl complex.
The resulting molecular structures and packing diagrams for
the TMA:ICI complex are shown in Fig. 2-4.

Most of the bond lengths and angles given in the earlier
X-ray structure determination of Hassel and Hope® are in
rough agreement with those obtained from our higher resolu-
tion structure refinements. The distances within the TMA:ICI
complex merit some discussion. There is a significant differ-
ence in one key bond length, namely, the key I-Cl inter-
halogen bond length. In the earlier work this distance was
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Table 1 Crystallographic data for trimethylamine iodine monochloride
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Table 3 Selected interatomic angles/° for trimethylamine iodine mono-

complex chloride complex
Compound N(CH3); c1? N(CHj); ICI° N(CDs);3 1cl? 253 KXRD* 298 KXRD 110 KXRD 110 K NPD
Radiation X-ray (Mo-K,) X-ray (Mo-K,) Neutron (TOF)  CI-I---N 178.6(1) 178.7(1) 178.7(3)
Crystal system  Orthorhombic Orthorhombic Orthorhombic I---N-C(1) 109 108.5(3) 108.2(2) 108.3(3)
Space group Phca Phca Phca I--N-C(2) 104 108.7(3) 108.6(2) 109.5(2)
Temperature/K 298 110 110 I-N-C(3) 107 109.1(3) 109.0(2) 109.2(3)
alA 11.6168(4) 11.5039(3) 11.4812(7) C(1)-N-C(2) 108 110.5(3) 110.7(3) 110.1(3)
b/A 11.1573(4) 10.9570(3) 10.9618(6) C(1)-N-C(3) 109 109.7(4) 109.9(2) 108.8(3)
c/A 10.8342(3) 10.6758(3) 10.6723(6) C(2)-N-C(3) 118 110.3(4) 110.5(2) 110.0(3)
VIA? 1404.24(8) 1345.67(6) 1343.16(21) )
Formula C;H,NICI C;H,NICI C3D,NICL No SU are reported in ref. 20.
Mw/g mol™ 221.47 221.47 230.47
D./g em™ 2.095 2.186 2.279
zZ 8 8 8
Size/mm 0.24 X 0.2x0.18 0.24 X 0.2 X 0.18 NA A comparison of selected bond lengths for structural deter-
AA » 0.71073 0.71073 NA minations of N---I-Cl complexes when N is either part of an
p#/mm 4.824 5.034 NA het li tic ri the TMA:ICI lex is oi .
20,0/° 54.96 54.96 NA eterocyclic aroma' ic ring or the :ICI complex is given in
Niet 9848 9198 3165 Table 4 together with the pK;, values for the donor compound.
Nunique 1601 1539 2140 In all of these compounds the N-I-Cl fragments is close to lin-
Tomin Tmax 0.35 0.42 0.30 0.40 NA ear with N-I-Cl bonds ranging between 175.33(5)° to 179.9(4)°.
Rine 0.033 0.030 NA - .
Nop 1333 1418 It can be seen that the longest I-Cl bond length within this se-
Nparam 85 85 138 ries occurs for the TMA complex. It can also clearly be seen that
sz(all) 0.040 0.035 NA the overall trend in the I-Cl distances follows that of the pKj,
ﬁ ;226 1(11'221 1:‘814 values for the donor molecules; that is to say, the longer I-CI
R:p NA NA 0.011 distances are associated with more basic amines. This correla-
tion is illustrated in Fig. 5 where we have plotted the data from
“I > 20(I). » CCDC deposition CCDC1531716. ¢ CCDC deposition

CCDC1531709. ¢

CCDC deposition CCDC1531801.

reported as 2.52 A; in this study the three structure refine-
ments provided values between 2.5621(12) A and 2.5790(8) A.
The N---I-Cl component of the complex has a bond angle of
178.7(1)° (NPD), 178.7(1)° XRD at 110 K and 178.6 (1)° XRD at
298 K. Both the N--‘I and I-Cl distances are significantly lon-
ger than either the sum of the covalent radii for the N-I bond
(2.10 A) or for I-Cl molecule in the gas phase (2.321 A)*® but
are significantly shorter than the sum of the van der Waals
radii (3.67 A and 3.79 A, respectively).>® This feature of the
N---ICl unit has been commented on in the past’ and has
been attributed to the formation of a three-centre four-
electron bond in which there is one bonding and one non-
bonding electron pair.* If this is the case, then the moiety is
isoelectronic to (or would have the same type of bonding as
seen in) ions such as [ICL,] . This apparent similarity between
N---X, complexes to linear trihalide ions was first noted by
Hassel towards the end of his work on these systems.*"

Table 2 Selected interatomic contact distances in A for the trimethyl-
amine iodine monochloride complex

253 KXRD*® 298 KXRD 110 KXRD 110 K NPD
Cl-I 2.52 2.5621(12)  2.5790(8) 2.578(6)
IN 2.30 2.304(3) 2.299(3) 2.290(6)
N-C(1) 1.55 1.485(5) 1.483(4) 1.472(5)
N-C(2) 1.45 1.476(5) 1.478(4) 1.513(5)
N-C(3) 1.42 1.478(5) 1.484(4) 1.477(6)
Mean N-C = 1.473 1.478 1.482 1.490

No SU are reported in ref. 20.
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low temperature studies. We have only used the low tempera-
ture data in constructing this plot as rigid body*” TLS calcula-
tions on the compound studied in this work suggest that libra-
tional corrections of the order of 0.008 A need to be applied to
room temperature data sets and 0.003 A to data collected at 110
K. From Fig. 5 it can also be seen that the correlation between
N---I distance and pKj, is not of similar quality; furthermore, it
can be seen that the value for the TMA:ICI complex appears
anomalous. A much better correlation may be obtained when
the value for the TMA complex is omitted and this is shown in
Fig. 6. The origin for the anomalous position for the TMA:ICI
complex probably arises either from the smaller covalent radius
for a sp> hybrid for the aromatic nitrogen of pyridine in com-
parison to the sp® hybrid for TMA or the presence of charge de-
localization in the aromatic ring, or a combination of both ef-
fects. However, even with the TMA:ICI complex omitted, the
degree of correlation agreement is not as good. This may, per-
haps, be due to the lower intrinsic accuracy of determining the
position of the relative low-Z nitrogen atom in the presence of
the much heavier iodine atom for the X-ray studies A plot of
N---I bond length versus I-Cl bond length appeared to showed
a linear correlation over the range of values that were used (bar-
ring the TMA complex). This did not correspond to the
expected hyperbola, which is typically seen for linear triatomic
species.>®*° The origin of this linear behaviour is unclear but
may be a consequence of the limited range of data available.

A correlation between the interatomic N---I contacts with
the calculated pK; values for the complexes formed be-
tween a series of fluorinated iodobenzenes with 4-(N,N-
dimethylamino)pyridine DMAP has also been made.*’ In
this study, the I-*N distances varied between 2.926 and

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Observed (points), calculated (solid line) and difference plot
(lower line) for the NPD data for the perdeuterated TMA:ICl complex at
110 K. Upper tick marks sample, lower tick marks are from vanadium
sample can upper figure 168° bank, middle 90° bank, lower 32° bank.

2.693 A and thus represent much weaker interactions with
negligible charge transfer. This was inferred from the ob-
servation that all the C-I bond lengths were the same
within experimental error. The relationship between donor
D--I contacts in halogen-bonded complexes was also the
subject of a Cambridge Crystallographic Database investiga-
tion,”" in which the authors were able to show that there
were clear correlations between the equilibrium formation
constant for D---I, complexes and both the elongation of
the I-I bonds and the D---I distance. Furthermore, they
showed that the elongation of the I-I bond and the D--'I
distance fell into distinct families which depended upon
the nature of the donor D.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 a Thermal ellipsoid diagram for the TMA:ICl complex at 110 K
(XRD data). b Ball and stick diagram for the TMA:ICl complex at 110 K
(NPD data).

Fig. 3 Ball and stick diagram for the TMA:ICl complex dimer at 110 K
(NPD data).

Whilst the use of experimentally determined equilibrium
constants is undoubtedly correct and more rigorous than the
use of pKj, values to infer N---I distances, the use of pKj, values,
which can be relatively easily obtained from reference sources,
or calculated using computer packages such as Gaussian-98,**
appears to be able to predict the I-Cl distances to surprising ac-
curacy and, hence, via the conservation of bond number at the
iodine atom, the N---I bond length. Furthermore, the use of
pK, may enable us to predict the occurrence and nature of

CrystEngComm, 2017, 19, 5194-5201 | 5197
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Fig. 4 Packing diagrams for the TMA:ICl complex at 110 K as derived
from the NPD data. All deuterium atoms except D23 (yellow) and D13
(light grey) have been omitted for clarity. (a) Viewed along the a-axis,
(b) viewed perpendicular to the a-axis.

complexes formed between bases and interhalogens. The justi-
fication for this last statement makes use of the recognized
similarity between hydrogen and halogen bonding. It is known
that in a system containing a hydrogen bond X-H:--Y-Z there
is strong correlation in the strength of the hydrogen bond be-
tween the pK, value of X-H and the pKj, value of Y-Z** and also
that hydrogen bonds can play a part in proton transfer reac-
tions. What we may be seeing with the interactions that occur
with the strongest bases are the initial steps in the transfer of
an iodine atom in the reaction
RN +ICl — [RNI]" + CI”

Turning our attention to the TMA moiety, the bond

lengths and angles show both similarities and differences

Table 4 Bond lengths [A] for pyridine-iodine monochloride complexes

Donor compound T/K PKy” I-Cl/A I---N/A

3-Bromopyridine® 120 11.16/ 2.4734(7) 2.344(2)
Pyridine” 110 8.77/ 2.523(1) 2.284(3)
Pyridine” 298 8.77/ 2.504(2) 2.281(4)
DMAP? 120 4.8¢ 2.5615(7) 2.246(2)
2,2-Bipyridine® 120 9.67" 2.4974(7) 2.321(2)
2,2-Bipyridine® 120 9.67" 2.4879(9) 2.337(2)
2,2-Bipyridine® 298 9.67" 2.5421(4) 2.336(7)
2,2-Bipyridine 298 9.67" 2.477(11) 2.344(7)
2 chloroquinoline” 293 13.59 2.432(8) 2.446(3)
Trimethylamine® 110 42" 2.5790(8) 2.304(3)
Trimethylamine® 298 4.2 2.5621(12) 2.299(3)
DMAP = 4-(dimethylamino)pyridine. * Ref. ~ 30; ” ref. ~ 16; ° ref.

32; @ ref, 33; ¢ this work;fref. 34; ¢ ref. 35; " ref. 36. PKy = -logio Ky

zw for the reaction. B + H,0 = [BH'] +

[B]

where K,

[oH].
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Fig. 5 Graph of pK, against interatomic contacts from reported
low-temperature structure data for pyridine:ICl systems and TMA:ICL
Filled squares represent N--:| distances; filled diamonds I-Cl bond
lengths.

to that of free TMA. In the crystal structure of pure
TMA the molecule has crystallographically imposed 3-fold
symmetry. In the TMA:ICI complex, the C-N bond
lengths appear to have the same value within error in
the X-ray structure but for the NPD structure two bonds
are similar in length, while the third differs to a statisti-
cally significant degree; whether this finding is chemi-
cally significant is open to question. All the bond lengths
differ markedly from those reported for pure trimethyl-
amine, as determined by X-ray diffraction 1.4535(11) A,**
electron diffraction 1.455(2) A,** microwave 1.451(3) A
(ref. 46) and DFT 1.4566.*” The average seen in our 110 K
X-ray structure determination is 1.482(3) A, which is closer
to that seen in trimethylammonium cations (1.486(6) A)**
or when TMA acts as a ligand in a complex. In the com-
plexes formed between TMA and Cr(CO)s; and Mo(CO); the
N-C bond length values range between 1.478 A and 1.490 A
(ref. 49) or 1.477 A in the adduct formed between GaHj
and TMA.>

L 2

y=0.016x +2.165
R?=0.885
2.22 T T . . 1
3 5 7 9 11 13

PK;,
Fig. 6 Graph of pK, against low-temperature N---
tacts Cl (omitting TMA:ICL).

| interatomic con-
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The free TMA molecule itself has C3, symmetry, with a hy-
drogen atom on each of the methyl groups being orientated
in an anti arrangement to the nitrogen lone pair. In the case
of the complex formed with an ICl molecule, the latter oc-
cupies the coordination site where the nitrogen lone pair re-
sides. The C-N-C bond angles again show differences be-
tween our X-ray and neutron structures. For the former, all
the angles appear to have the same value within error, while
for the neutron structure the differences are larger but at the
margin of statistical significance. One final point worth not-
ing is that the N-C-H,,,,; bond angle differs significantly from
that reported in other structural studies, namely 114.3°
(XRD*"), 111.7° (microwave spectroscopy®) and 112.9° (DFT
calculation®”). The increase in this angle from the ideal tetra-
hedral value was ascribed to a hyperconjugative effect be-
tween the nitrogen lone pair and the C-H,,; bond*” as op-
posed to our study where the bond angle values ranged
between 110.6° and 108.7°. Because of these changes in bond
angle, the H,pi ‘Hang distances are smaller in our structure
(average 2.455 A) than in the free molecule (2.562 A). The
smaller distances seen in the complex would not normally be
expected on steric grounds. Furthermore, these changes are
occurring at atoms which are not adjacent to the nitrogen
and would thus not be significantly affected by steric de-
mands on the nitrogen upon increasing its coordination
number from 3 to 4. This is confirmed by the observation
that whilst the C---C distance in the free molecule is 2.387 A
the average value in the complex is 2.436 A, which suggests
that any steric pressure caused by formation of the complex
with I-Cl has already been accounted for by the increase in
the C---C distance. In addition, since the larger bond angle
was a consequence of the hyper conjugative interaction be-
tween the lone pair of the nitrogen and the H,,; atom, any
changes involving the lone pair occurring on complex forma-
tion would change the N-C-H,,; angle. Our argument is
analogous to the effect of protonation on TMA, where this an-
gle was reported to decrease by 4.5° to 108.4°.*® A similar de-
crease in the N-H,,, angle to give an observed value of
109.7(3.3)° was seen in the X-ray study of the complex formed
between GaH; and TMA.*®

From the changes seen both within the N---I-Cl moiety
and the TMA molecule itself, it seems that some degree of
electronic reorganization has occurred. This is clearly seen
not only in the changes within the TMA molecule discussed
above but also in the bond lengths and the bond numbers
within the N---ICl moiety. Whilst bond number is an empiri-
cal concept, it serves a useful function and finds widespread
use in chemistry, as do other empirical concepts such as
electronegativity.* It can be clearly seen that the I-Cl bond
length of 2.578(6) A is comparable to those found in
symmetric ICl,” ions®" where a bond order of 0.5 is observed.
Furthermore, the N--I distance of 2.290(6) A (NPD) is similar
to those found in symmetric N---I-"N units seen in
[I(NCsHs),]" BF,, 2.259(3) A;°® [C14H IN,]" IBr,, 2.294(3) A
(ref. 53) and Cy4;HygIN," ICl,,, 2.300(1) A (ref. 29) where,
again, a bond number of 0.5 would be inferred. The question
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which has already been advanced in the case of the com-
pounds formed between FCI and CN-X is whether these com-
pounds possess true halogen bonds. We believe that the rec-
ognition of the similarity between hydrogen and halogen
bonds provides a solution. The origin of the bonding in hy-
drogen bonds has long been debated,** and that “The impor-
tance of various components of hydrogen bonding may vary
quite widely from system to system.”> However, it is well
known that in the case of hydrogen bonding there is a con-
tinuum from very strong to weak hydrogen bonds,*® though
the terminology used for these interactions does depend
upon the definitions of individual authors.””*® It should of
course be emphasised that there is a gradation of the proper-
ties in these systems and that to categorize hydrogen bonds
into distinct groupings is probably a mistake. Of relevance to
this work is the transition (using the classification of
Desiraju and Steiner) between strong and very strong hydro-
gen bonds.’® In the former, electrostatic interactions are
dominant and the degree of covalency is weak so that these
bonds can have significant effects upon crystal packing.
These types of bonds are exemplified by systems such O-
H:---O=C, N-H--*O—C and O-H:--O-H. Adopting this ap-
proach would place complexes such as TMA:ICI into the same
position as species such as [HF,] occupy in the hydrogen
bonding classification, namely very strong hydrogen bonds.
One of our objectives in this work was the accurate location
of hydrogen atoms involved in weak C-H---X hydrogen bonds.
Examination of the D---Cl distances obtained in the NPD study
reveals that the four shortest D---Cl contact distances are Cl-
D(23) 2.755(5) A; Cl---D(13) 2.772(5) A; Cl---D(22) 2.862(5);
Cl---D(12) 2.901(5). The two shortest of these distances are sig-
nificantly smaller than the sum of the van der Waals radii of Cl
and H (2.86 A (ref. 28)) and are thus possibly involved in C-
D---Cl hydrogen bonds. The corresponding I-Cl---D angles are
114.0(2)° and 77.0(2)° respectively indicating that the deuterium
atoms lie well away from the axis of the I-Cl moiety and the ¢
hole and, hence, towards areas of negative electron density.
These bond angle values are similar to those seen in the neutron
diffraction study of pyridine-IBr, where an I-Br--‘D angle of
81.17(14)° was observed for the shortest Br---D contact (2.787(4)
A). The occurrence of these hydrogen bonds together with the
N-ICI hydrogen bond can be clearly seen in by examining the
Hirschfeld surfaces (Fig. 7).”>° These have been previously used
to demonstrate the occurrence of intermolecular contacts.*"*>
Unfortunately, we have neutron powder diffraction data at
just one temperature. However, by comparing the changes in
the relevant Cl---C distances as a function of temperature from
the X-ray study, we may estimate what happens to these weak
hydrogen bonds as the temperature increases. The increase in
the C---Cl distances with temperature is roughly the same for
both systems, namely Cl---C1 3.830(4) A at 110 K, 3.899(5) A at
298 K; and Cl---C2 3.825(4) A at 110 K and 3.904(5) A at 298 K.
These results suggests that the Cl---H interactions associated
with these carbon atoms weaken with increasing temperature.
Further evidence for this comes from a broad line NMR study
on the TMA:ICI complex.*> Compared to TMA itself, which
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Fig. 7 Hirshfeld surface for the trimethylamine iodine monochloride
complex in two different orientations.
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cleanly lost the fine structure observed in the fine structure at
77 K when warmed to 110 K, the spectra for TMA:ICI evolved
via a series of steps from the characteristic broadened fine
structure at 77 K to a completely averaged spectrum at ~150 K.
This effect may well be due to C-H:--Cl hydrogen bonding be-
ing operative at low temperature.

Since all the hydrogen bonds in the title compound are re-
sponsible for forming the sheet structures in the b-c plane of
the crystal structure, weakening of the C-H:--Cl hydrogen
bonds with increasing temperature would be expected to lead
to enhanced thermal expansion in this plane relative to the
perpendicular direction, which is accord with our observa-
tions (a, = 52.2 MK o, = 97.2 MK * ¢ = 78.9 MK ").**

Conclusion

From our investigation of the TMA:ICI complex, in conjunc-
tion with the existing literature on N---ICI complexes, we sug-
gest there is a simple linear relationship between the pK
values of the nitrogen bases and the bond lengths within the
N---ICl moiety and that the changes in the bond lengths
within this moiety for a series of nitrogen containing bases
may signify progress along the reaction coordinate for the
transformation N---ICl — [NI]" + CI". We also see changes in
the geometry of the TMA molecule are consistent with likely
electronic changes within the molecule, as do changes within
the ICI fragment The use of neutron diffraction has accu-
rately and precisely located the positions of the deuterium
atoms within the crystal structure and reveals the existence
of weak C-H:-Cl hydrogen bonds, which may be responsible,
in part, for determining the packing in this crystal and its
thermal expansion properties.
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