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Hydrogen Bond Studies XVIIL.* The Crystal Structure of Trimethylammonium Chloride

By JAN LINDGREN AND IVAR OLOVSSON
Institute of Chemistry, University of Uppsala, Uppsala, Sweden
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The crystal structure of trimethylammonium chloride, (CH3);NHCI, has been determined from three-
dimensional single-crystal X-ray data obtained at room temperature. The crystals are monoclinic, space
group P2;/m, with two formula units in the cell of dimensions a=6088, b=7-033, c=7031 A and
B=95-73°. The structure contains uncharged units (CH3);NHCI composed of one trimethylammonium
ion hydrogen bonded to a chloride ion (N-H- - - Cl distance 3-00 A). The N-H - - - X bond length varia-
tion in ammonium and alkylammonium halides with the formulae NH4X, RNH;X, R.NH,X and

R3iNHX is discussed.

Introduction

In the series of substituted ammonium chlorides where
one or more hydrogen atoms in ammonium are re-
placed by methyl groups, the crystal structure of mono-
methylammonium chloride has been determined by
Hughes & Lipscomb (1946) and that of dimethyl-
ammonium chloride by Lindgren & Olovsson (1968).
In both cases X-ray diffraction techniques were used.
Infrared spectra of the mono-, di- and trimethyl-
ammonium chlorides have been reported by Bellanato
(1960) who found strong hydrogen bonds in all three
compounds.

In the present investigation the crystal structure of
trimethylammonium chloride has been determined
from single crystal X-ray diffraction data obtained at
20°C.

Experimental

Commercial trimethylammonium chloride was recrys-
tallized several times from ethanol. Active carbon was
used in the first recrystallizations to remove some
coloured impurities. The salt was then dissolved in
methanol, and ethyl ether was added until small needle-
like crystals were obtained. As the crystals were some-
what hygroscopic they were sealed in thin-walled glass
capillaries. A crystallographic axis was found to be
parallel to the capillary axis as expected from the
needle-like shape. With this, the ¢ axis, as rotation axis
layers 0</<6, were recorded using Ni-filtered Cu K«
radiation and employing the equi-inclination Weissen-
berg method. The number of independent reflexions re-
corded was 606 but the intensities of 155 of these were
too weak to be measured. The relative intensities were
measured visually, employing the multiple-film tech-
nique (5 films) and comparison with an intensity scale.
The data were corrected for the Lorentz and polariza-
tion effects. As the crystal corresponded very closely
to a cylindrical specimen rotated around the cylinder
axis an absorption correction could be easily applied
with the use of standard programs. The linear absorp-
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tion coefficient is 44:6 cm~!; r=0-012 cm. These cor-
rections were calculated with the program ERLPA
(Van den Hende, 1962).

Unit cell and space group

The diffraction symmetry 2/m, with systematic ab-
sences 0k0 with k odd suggests either the non-centro-
symmetric space group P2; or the centrosymmetric
P2,/m. The structure is, as will be shown below, ap-
propriately described in terms of the space group
P2,/m (no.11, International Tables for X-ray Crystal-
lography, 1952).

Approximate cell dimensions were determined from
rotation and Weissenberg photographs. More accurate
values were subsequently obtained from a Guinier
powder photograph, taken with strictly monochro-
matized Cu Ko, radiation (ACu Ku; =1-54051 A), em-
ploying silicon as an internal standard (as; =5-43054 A
at 25°C). Using 42 powder reflexions thus recorded
the most probable cell parameters were calculated by
the least-squares method. The cell parameters together
with their estimated standard deviations are: a=6-088
+0-003, 5=7-033+0-002, ¢=7-031+0-002 A and f=
9573+ 0:04°. The density of the crystal was approx-
imately measured, using the method of flotation, as
1-13 + 0-05 g.cm—3. With two formula units in the cell
the calculated density is 1-060 g.cm—3.

Determination of the crystal structure

The positions of the chlorine atoms were derived from
a three-dimensional Patterson synthesis. The interpre-
tation was then based on the centrosymmetric space
group P2;/m. The nitrogen and carbon atoms were
readily found from a Fourier synthesis based on the
chlorine positions. In the structure thus obtained one
carbon atom occupies a general fourfold position while
the other carbon atom as well as the chlorine and nitro-
gen atoms occupy twofold positions (2e).

After a few cycles of least-squares refinements with
individual isotropic temperature factors the R value,
R=X||Fo|—|F¢||/|Z |Fol, was 13:6%. At this stage a



JAN LINDGREN AND IVAR OLOVSSON

difference synthesis was calculated to determine the
hydrogen positions. For a further discussion of this
point, see below. The hydrogen atoms thus determined
were introduced in the refinements with fixed param-
eters; their isotropic temperature factors were set to
6 A2 The R value now dropped to 11-2%. The pre-
vious difference synthesis had indicated considerable
anisotropy and an anisotropic refinement was therefore
performed. An over-all scale factor was now refined
(the inter-layer scaling was based on the previously ob-
tained individual scale factors) while the parameters
of the hydrogen atoms were fixed as before. In total
the number of parameters refined increased from 20
in the isotropic case to 28 in the anisotropic case. The
final R value after 3 cycles was 6-49;.

The structure was also refined in P2;, starting with
the preliminary coordinates derived from the Patterson
synthesis but with the atoms shifted somewhat from
the centrosymmetric positions. A significance test was
made on the R-factor ratio as described by Hamilton
(1965) with the hypothesis that the linear restrictions
imposed on some parameters in P2, when using P2,/m
are correct., The obtained ratio after final anisotropic
refinements is 1-020. According to Hamilton’s table
the hypothesis cannot be rejected even at the 25%
level. The space group P2,/m is therefore considered
to be the best choice. The differences in the final atomic
coordinates and interatomic distances in the two groups
are within one standard deviation obtained with P2;.

The function minimized in the refinements was
2 w(| Fol — | Fel)2. The weighting function was that sug-
gested by Cruickshank, Pilling, Bujosa, Lovell &
Truter (1961), namely w=1/(a+|Fo| +c|Fol?), in which
the final values for the constants were a=1-5 and c¢=
0-04. Reflexions too weak to be measured were given
zero weight. The scattering factors used were those for
Cl~, No, C° and HPO listed in International Tables for
X-ray Crystallography (1962, p.202).

—_— 5

Fig.1. View of the structure along the b axis. The carbon
atoms C(2) and C(3) are related to each other by the mirror
plane at y=1.
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The atomic parameters with standard deviations ob-
tained with P2,/m are listed in Table 1 and the dis-
tances and angles with standard deviations in Table 2.
The distances given are not corrected for thermal
motion since no experimental scaling has been done.
Structure factors are compared in Table 3.

Table 1. Atomic parameters
with standard deviations ( x 10%)

The form of the anisotropic temperature factor is:
exp [—(by11h2 + b22k2 + b33l2+ 2byshk + 2by3hl + 2b23k1)).

The r.m.s. components (R;) of thermal displacement of the
atoms along the ellipsoid axes are also listed (A x 103).

Chlorine Nitrogen Carbon(1) Carbon(2)
x 2095 (3) 2017 (9) 252 (10) 3187 (10)
y 25 25 75 4253 (9)
z 2136 (2) 7857 (7) 3065 (10) 7342 (9)
by 492 (7) 344 (2) 363 (24) 525 (21)
b 239 (3) 247 (11) 281 (15) 351 (14)
b33 274 (5) 265 (12) 388 (18) 413 (13)
bz 0 0 0 —152 (14)
b3 78 (3) 60 (9) 78 (15) 63 (12)
ba3 0 0 0 —11(12)
R; 245 (2) 240 (5) 260 (5) 243 (6)
R, 253 (2) 249 (5) 266 (7) 319 (5)
Rs3 306 (2) 266 (5) 311 (7) 356 (7)

Table 2. Distances and angles
with standard deviations

Distances

N-C(1) 1-466 (8) A

N-C(2,3) 1-487 (7)

C()---C(2,3) 2:422 (8)

C(2)---C(3) 2-466 (12)

Cl---N 3-005 (5)

Cl---C(1) 3791 (7)

Cl---C(2,3) 3711 (6)

Cl- - -other nitrogen atoms >4-0

Angles

C(1)-N-C(2,3) 110-2 (0-3)°

C(2)-N-C(3) 112-1 (0-6)

Cl---N-C(1) 111-3 (0-4)

Cl---N-C(2,3) 106-5 (0-3)

Crystallographic programs used in the structure de-
termination: For the Fourier and Patterson calcula-
tions: STRIX and PROFFS (Liminga & Olovsson,
1964).

For the least-squares refinements: In the earlier
stages SFLS (Asbrink & Brindén, 1962) and in the
later stages ORFLS (Busing, Martin & Levy, 1962).
For calculation of the distances and angles: ORFFE
(Busing, Martin & Levy, 1964).

Description and discussion of the structure

A view of the structure along the b axis is shown in
Fig.1. As seen the structure contains uncharged units,
(CH;);NHCI, composed of one trimethylammonium
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Hydrogen

The difference map calculated before the anisotropic
refinement (see above) was used to locate the hydrogen
atoms.

The hydrogen atom connecting the nitrogen and
chlorine atoms was placed on the line joining the atoms
at 1-03 A from the nitrogen atom. This position was
clearly indicated in the difference map by a peak which
was, however, rather smeared out. The coordinates
used were (0-205, 0-25, —0-065). The positions of the
hydrogen atoms of the methyl groups were easily ob-
tained as only three peaks (within reasonable distances
from the carbon atoms) were found around each car-
bon atom. Naturally, one cannot expect to derive these
positions accurately from the available X-ray data. The
hydrogen atoms were accordingly located within the
experimental peaks but with the coordinates adjusted
to a C-H bond length of 1-1 A and a H-C-H angle
of 109-5°. The hydrogen positions correspond to a
staggered configuration of the methyl groups relative
the bonds around the nitrogen atoms. The positions
of the hydrogen atoms are illustrated in Fig.3. As seen
there are five independent hydrogen atoms with coor-
dinates (—0-02,0-25, —0-46), (—0-11, 0-37, —0-27),
(0-24, 0-54, —0-23), (0-48, 0-43, —0-19) and (0-34, 0-43,
—0-42).

Discussion of N-H- - - Cl bond lengths

In the ammonium and alkylammonium halides with
the formulae NH4X, RNH;X, R,NH,X and R;NHX,
all hydrogen atoms around nitrogen are expected to
be involved in hydrogen bonds. The only atom to ac-
cept such hydrogens in the above compounds is the
negative ion X~. One thus concludes that each halogen
should be hydrogen-bonded to four, three, two and one
nitrogen atom, respectively. Or expressed differently,
the coordination number of halogen is expected to be
equal to the number of hydrogen atoms around nitro-
gen, i.e. 4, 3, 2 and 1, respectively (¢f. Tsoucaris, 1961).

In practice, it is found that complications sometimes
arise because of orientational disorder or restricted
rotation of the ammonium groups. Thus in NH,CI
with the CsCl-fype structure ammonium is surrounded
by eight halogen neighbours at the corners of a cube.
One particular ammonium directs its hydrogens to-
wards four of these neighbours, but above the A-point
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(—30°C) there is complete disorder between the two
possible orientations of ammonium.

In methylammonium chloride, CH;NH;Cl, nitrogen
is analogously surrounded not by three halogen atoms
as expected but by four; one has here assumed restricted
rotation or orientational disorder around the C-N
bond (Hughes & Lipscomb, 1946).

In dimethylammonium chloride, (CH;),NH,Cl, each
nitrogen atom is hydrogen-bonded to two chlorine
atoms and each chlorine atom is hydrogen-bonded to
two nitrogen atoms. In trimethylammonium chloride
(CH3);NHCI, each nitrogen atom is hydrogen-bonded
to one chlorine atom, and each chlorine atom is hydro-
gen-bonded to one nitrogen atom. The last two struc-
tures thus conform with the general ideas above.

When comparing the N-H- - - Cl distances in these
compounds several effects must be taken into consider-
ation. Two of the most obvious and important ones
are discussed below.

Firstly, when one or more hydrogen atoms in an
ammonium ion are substituted by other groups, the
N-H- - -Cl distance is expected to change depending
on the difference in electronegativity between the sub-
stituents and hydrogen as discussed in a previous paper
(Olovsson, 1960a). In the compounds now discussed
hydrogen is substituted with methyl groups and essen-
tially no change of the bond length is to be expected
due to this substitution, since the electronegativities of
hydrogen and a methyl group are probably quite com-
parable.

Secondly the coordination number of the atoms in-
volved in the hydrogen bond must be considered. In
the same way as in ordinary chemical bonds the bond
length should increase with increasing coordination
number. In this case the coordination number of both
the hydrogen donor atom and the acceptor atom must
be considered. Therefore the coordination numbers of
nitrogen and chlorine will be discussed in some detail.

In NH,CI with the CsCl-type structure the coordina-
tion number of both nitrogen and chlorine is eight;
the N-H- - - C1 distance is 3-35 A. In NH,Cl with the
NaCl-type structure the coordination number of both
is six; the N-H- - -Cl distance is here 3-26 A.

In CH;NH;CI the coordination number of nitrogen
is five (one methyl group, to which it is covalently
bonded, and four chlorine atoms). The coordination
number of chlorine is four. The N-H- .- Cl distance

Table 4. Coordination numbers of nitrogen and chlorine and N-H - - - Cl distances in the
compounds discussed in the text

Coordination
number of N

NH,Cl (CsCl-type) 8
NH4Cl (NaCl-type) 6
NH,Cl.3NHj 4
CH;NH;Cl 5
(CH3);NH,Cl 4

4

(CH3);NHCl

Coordination N-H---Cl
number of Cl distance
8 335A
6 3-26
1+11 322
4 3-18
2 3-11
1 3-00
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in this compound is 3-18 A (Hughes & Lipscomb,
1946). Note, however, that in the three cases now dis-
cussed there is orientational disorder or restricted rota-
tion of the ammonium groups (see above) such that
the observed distances may be influenced by these
effects.

In NH,C1.3NH; (Olovsson, 19605), ammonium is
surrounded by three ammonia molecules and one chlor-
ine atom and the coordination number is thus four.
Chlorine on the other hand is surrounded by one am-
monium ion (distance 3-22 A) and eleven ammonia
molecules, which are, however, more distant (average
distance 3-72 A); the coordination number of chlorine
is thus somewhat difficult to assign and is here written
as 1+11.

In (CH;),NH,CI the N-H. . .Cl distance is 3-11 A
(Lindgren & Olovsson, 1968). The coordination num-
ber of nitrogen is four (two methyl groups, to which
it is covalently bonded, and two chlorine atoms, to
which it is hydrogen-bonded), while the coordination
number of chlorine is two.

In (CH,);NHCI the N-H.--Cl distance is 3-00 A
(present investigation). The coordination number of
nitrogen is four (three methyl groups covalently bonded
and one chlorine atom which is hydrogen-bonded) and
the coordination number of chlorine is one.

The situation is summarized in Table 4.

One notices a continous decrease in the bond length
N-H- - - Cl with the decrease of the coordination num-
bers. It is-clear, however, that more compounds have
to be investigated in order to determine the relative
importance of the coordination numbers of the nitro-
gen and the chlorine atoms. The possible effect due to
substitution of H by CHj; (see above) must also be
further investigated. Only a short remark on some
infrared work will be made below.

In the series mono-, di-, and trimethylammonium
chlorides Bellanato (1960) found a successive decrease
in the N-H stretching frequencies. From the general
relationship between the A-H stretching frequency and
the bond distance A-H- - - B (Nakamoto, Margoshes &
Rundle, 1955) a corresponding successive decrease is
to be expected in the N-H- - -Cl distance on passing
from the mono- to the trimethylammonium chloride.
The distances in CH;NH;Cl, 3-18 A (Hughes & Lips-
comb, 1946) in (CH3),NH,CIl, 3-11 A (Lindgren &
Olovsson, 1968) and in (CH,);NHCI, 3-00 A (present
work) thus follow the expected trend (¢f. also Tsou-
caris, 1961).

The authors are indebted to Mr H.Karlsson for his
skilful assistance in the preparation of crystals and in
the preliminary X-ray work.
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Fig.2. Bond distances and angles around nitrogen.

Cl N C H

Fig.3. The uncharged unit (CH3);NHCI showing the orienta-
tion of the methyl groups. The mirror plane perpendicular
to the b axis is indicated.
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