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Properties of the Experimental Crystal Charge Density of Methylammonium Hydrogen
Maleate. A Salt with a Very Short Intramolecular O —H—0O Hydrogen Bond
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Universitetsparken 5, DK-2100 Copenhagen @, Denmark

Receied: July 24, 1997; In Final Form: Neember 19, 1997

The experimental crystal charge density of deuterated methylammonium hydrogen maleate has been determined
from neutron and X-ray diffraction data collected at 122.4 K. Refinements of the neutron diffraction data
showed that the very short intramolecular-B—0 hydrogen bonds found in the two independent anions are
symmetric with D(H) on crystallographic mirror planes. The experimental charge density was subjected to

a topological analysis. It is positive throughout the unit cell and constitutes a topological space that fulfills
the Poincare Hopf relation. The topological analysis enabled us to characterize different types of interatomic
interactions in the crystal and showed that the two very short intramolecular hydrogen bonds have covalent
character. Newly developed algorithms made it possible to determine the atomic basins in the crystal charge
density, which were used to calculate integrated properties such as volume, charge, and the integrated Laplacian.
Those of the methylammonium ion have been compared with the corresponding topological properties of the
same cation in its hydrogen succinate salt. All the properties were quantitatively transferable, a strong indication
that transferability can also be applied to experimentally determined electron densities.

Introduction hydrogen bond that determines whether the space group is
centric with the hydrogen atom on a crystallographic symmetry
element or acentric with a disordered hydrogen atom. For such
compounds, a neutron diffraction study is essential to establish
the correct space group before the experimental charge density
obtained from X-ray diffraction data can be thoroughly analyzed.
The neutron diffraction study of methylammonium hydrogen
succinate monohydrate (MAHS) verified that the very short
hydrogen bond that links different anions is symmetric, with
the hydrogen at a crystallographic inversion centefhe
experimental charge distribution of that salt was subjected to a

The characteristics of theoretical charge densities in terms
of topological properties and critical points have been employed
by Bader to provide insight into the interatomic interactions in
molecules. It has recently been shown that experimental
electron densities obtained from accurate X-ray diffraction data
subjected to a similar analysis can provide valuable information
on interatomic interactions in crystas?

Strong and short ©H—O hydrogen bonds with ©0
distances less than 2.50 A are found in a variety of systems,

Egg dtgies glrf)srin?]ti'f?cnar?éepfrg%nnt]gg;?;el; IsanLrjlzz tsé) ht?irct)c?;dnz?sgten topological analysis, which showed that the very short symmetric
9 Y- 0-H-0 hydrogen bond possesses distinct covalent character.

A recent study of the guantum nature of charged water Very short G-H—0 hydrogen bonds are also observed in acid
complexes showed that the proton-transfer properties depend

o h - salts of maleic acids, but because of the cis configuration of
s(;gngffgnltqu dorg ﬂ;?\-?o(r)\:é?jtzngin?segggr&ﬂr?agae]:jo[:fh(girlfi ot the acid, an intramolecular-€H—0O hydrogen bond is formed
al. to deriv)e/z angempirical des){:ription of the bonding prgperties with Q_.O distances of ca. 2.42 A. I-n th? hydrogen maleate
of. very short O-H—O hydrogen bonds, which made them salts it is a_lso common tha_t the anion is found_ on crystal-
conclude that these interactions are cov:aIent N natuHBw- Iogra_phl_c mirror planes. An indication of the special chqracter
L . i . of this intramolecular hydrogen bond can be found in the
ever it is apparent from their analysis that the short symmetric

hvdrogen bonds. that are found between a carboxvlic acid anddiﬁerence between theKpvalues of maleic acid and fumaric
ydrog ’ . y . acid, the corresponding trans isomer of maleic acid. The two
a carboxylate group are described less well by the derived

irical : Such short hvd bonds that pK values differ by 4.14 for maleic acid and by 1.39 for fumaric
empirica’ parameters. - such snort nydrogen bonds that are; .y \ynich indicates that the intramolecular hydrogen bond
observed in acid salts of dicarboxylic acids were thoroughly

analyzed by Speakmd&nHe found that in compounds with short co\r/w\';rlbfutes dt(t)hthte St‘;? |I||ty of th? hy(rj]r(;gen maleallte tlon.M AD
O—H-0 hydrogen bonds, e.g.-€D distances less than 2.45 e found that methylammonium hydrogen maleate ( )

A, it is frequently seen that the two oxygen atoms are related MA) was very S“'ta?b'e for a to pological s_tudy_of the experi-
by crystallographic symmetry. It is quite common for these mental charge qlens[ty. A previous X-ray dlffractlop study based
systems that they crystallize in space groups that are not" data} to a}fal.rly high resqlutlon v.er|f|ed. that this compound
uniquely determined from their systematic absences. It is crystallizes in eithePna2; or its centric equivalent space group

exclusively the position of the hydrogen atom in the symmetric Pnamwith eight formula units in the unit cef. In the centric .
model the structure contains one independent methylammonium

* Author to whom correspondence should be addressed. E-mail: sine@ !On and two CrySta"Ogr.aphl?a”y independent hydrOge.n mal.eate
xray.ki.ku.dk. ions on crystallographic mirror planes. The X-ray diffraction
TPresent address: ESRF, BP 220, 38043 Grenoble Cedex, France. study showed that the best agreement with the experimental
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TABLE 1: Summary of Experimental Details and
Refinement Results for the Neutron and X-ray Diffraction
Measurements on Deuterated Methylammonium Hydrogen
Maleate, Space GroupPnam (Nonstandard Setting of Pnma

[No. 62])
X-ray neutron
alA 6.427(1) 6.41(2)
b/A 11.826(2) 11.81(3)
c/A 17.616(2) 17.67(4)
wavelength/A 0.71073 1.047
temperature/K 122.4(5) 122.4(5)
w/mm-t 0.13 0.00132
crystal size/mm 0.4& 0.25x 0.25 40x 3.1x 1.1
scan type w—20 w—20
(SiN O/A)mad A1 1.08 0.73
indices range
h —4—15 0—9
k —27—28 0—17
| —40—42 0—25
no. of reflections
measured 31455 2958
independent 7192 2067
Figure 1. ORTEP drawing of the entities in MADMA showing 50% Rt (IFI?) 0.0246 0.0137
probability ellipsoids. The ellipsoids for the C, N, and O atoms are no. of variables 15314%19 41(;2
drawn using the X-ray parameters, and the H/D ellipsoids are drawn R(I'Fl)b 00411 0.0773
using the scaled neutron parameters (cf. the subsection Displacement WR(F))° 0.0161 0'0557
Parameters). R(F)P 0.0195 0.0797
WR(|F|?)° 0.0298 0.0954

data was found in the centric space group. An ORTEP
drawing of the entities found in the crystal are shown in Figure
1. We present here the results obtained from a neutron
. \/ S (P

(N7 = KIF,(N)%?
m-—p

diffraction study and a new set of high-resolution X-ray
diffraction data.
The methylammonium ion was also used as the counterion

in the hydrogen succinate salt, whose experimental charge N yﬁ(|Fc(ﬁ)|”— kIF,(h)")?
density had been subjected to a similar investigation. This R(F") = CEAR M2
makes it possible to examine the transferability between different zhﬂ o)
experimental charge densities, as the hydrogen bond interactions

in the two methylammonium salts are quite different. Besides ;ﬁwﬁ(|Fc(ﬁ)|” — kIF(h)[")?
the unique very short ©H—0 intramolecular hydrogen bonds WR(F|") = ——

in the hydrogen maleate, this charge density study will also zﬁwﬁﬂFo(h)ln)
provide information on different types of intermolecular interac- w;, = 1o%(|F,(h)")

tions.

In these definitionsnis the number of measurements grthe number

. . of parameters in the model.
Experimental Section P

determined from setting angles for more than 50 reflections.
An w—26 step scan was employed to record the profiles of the
reflections. A total measuring time of 8 min was used per

Methylammonium hydrogen maleate was prepared as previ-
ously described® The deuterated crystals used for the neutron

and X-ray experiments were prepared by slow evaporation of a reflection to record 48 equally spaced steps. The temperature

solution ,Of methylammomum hydrogen maleate in CH,- was noted for each reflection, and the variation was within 0.5
OD kept in a desiccator at room temperature. The crystals usedy g,ing the data collection. Three standard reflections, (0 0
for both data collections were selected from the same batch an h4), (0 2 0), and (2 0 0), were measured every 100 reflections,

were therefore assumed to have the same H/D isotope COMPOSiz g the variation of their intensities was less than 1% during

tion. the three weeks of data collection. Additional details concerning
the neutron data collection are given in Table 1.

X-ray Diffraction Data. The X-ray diffraction data set was
Neutron Diffraction Data. The neutron diffraction data set  collected on an Enraf-Nonius CAD4 diffractometer with a Mo
was collected at Risg National Laboratory on the four-circle Ko X-ray tube and a graphite monochromator. The temperature
diffractometer at the DR3 reactor. A Be(002) monochromator was controlled with a gas flow low-temperature device adjusted

was used to select neutrons with a wavelength of 1.047 A. Theto 122.4 K with the phase transition of KPO,. The temper-
phase transition of KHPO, at 122.4 K was used to calibrate  ature variation during the data collection was less than 0.5 K.
the reading of the Pt-thermomef&r.A single crystal of KH- Several crystals were examined on the diffractometer. On the
PO, mounted in a Displex cryostat was used for the adjustment. basis of the criteria of sharp well-defined reflection profiles and
Methylammonium hydrogen maleate grows as elongated prisms;scattering to a high resolution, the best crystal was selected that
we selected a single crystal with dimensions £.3.1 x 1.1 had dimensions 0.48 0.25x 0.25 mm. The orientation matrix
mm bound by the form§0 1 G, {10 G, and{0 1 1}. It was and unit cell parameters were determined from setting angles
mounted in the Displex cryostat, and the temperature set to 122.4of 20 reflections withd between 19and 2. The scan range

K. The orientation matrix and unit cell parameters were A@ was set to 1.06- 0.35 tan@ on the basis of an analysis of

Data Collections
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the profiles for several reflections. A half-sphere of data was device, as their intensities were expected to be most affected
collected to® = 50°. The orientation of the crystal was checked by the change in mosaicity, and measurements of the same
for every 600 reflections by measurement of the setting anglesreflections prior to the shutdown were excluded. The two data
for seven reflections. The orientation of the crystal did not sets were individually corrected for the linear decay with small
change during the data collection. Five standard reflections, relative errors (0.2% and 0.6%), and the two data sets could be
(200),(120),(211), (00 10), and (6 0)1were measured  scaled together with a very small relative error (0.1%). These
every 2.7 h during the data collection lasting two months. The 31 455 selected reflections were averaged to give 7192 unique
variation in the intensities of these reflections is discussed in with Rn(|F|?) = 0.0246, and the data set was concluded to be
the data reduction section. of a sufficient quality for a charge density analysis. The
A preliminary refinement with SHELXL-9% of the X-ray standard uncertainties of the squared structure factors were
data set showed a rather loRp2/F¢2 ratio of the (2 0 0) calculated statistically from the variation of the individuaW(
reflection; therefore some experiments were conducted to find measurements for each reflection. Of the 7192 unique reflec-
the origin of this discrepancy. A data collection of the tions, 70% had intensities above 4 su.
reflections with Bragg angles below @as carried out with
the power from the X-ray tube turned down to one-fourth to Least-Squares Refinements
check for overload of the detector. The measurements with full
power and the measurements with one-fourth power scaled
together without any systematic variation, between strong and
weak reflections, which excluded overload of the detector as a
cause of this variation.y-scans of the three reflections with
the lowestF,2/F¢ ratios did not show any sign of multiple
reflection. The phenomenon was therefore concluded to
originate in extinction, and the intensity variations of thecans
were sufficiently small to make an isotropic correction a suitable
model. Further details concerning the X-ray data collection are
shown in Table 1.

The program VALRAY?® was used for the least-squares
refinements of both the neutron and X-ray data sets. The
quantity minimized in both cases wasv(|Fo(h)|2 — k|Fc(h)[?)?,
the weights employed werevy = 1/6%(|Fo(h)|?), and all
reflections were included in the summations. Throughout the
refinements we used Hamiltons ratio {€sto evaluate the
significance of introducing new parameters in the model.

Refinement of Neutron Data. In the refinement of the
neutron data the scattering lengths used vbere 6.648,by =
—3.741,bp = 6.674,bp = 5.805, andoy = 9.300 fm1’” The
scattering lengths for the two types of hydrogen atoms ex-
changed by deuteration were included in the refinement, i.e.
those of the ammonium group and the short hydrogen bonds.

The processing of both the neutron and X-ray diffraction data  The previous X-ray study did not enable us to decide
was performed with the DREADD program packdge. unambiguously whethePnamor Pna2; is the correct space

Neutron Data. The neutron data set was corrected for groupl® Therefore refinements were performed in both space
background and Lorentz effects. The absorption in the neutrongroups. The positional parameters resulting from the refinement
experiment was negligible for the single crystal used (transmis- in Pna2; correspond within the standard uncertainty to the
sion factors of 0.999), and thus no absorption correction was centric model, and the parameters of C(2) and C{@®re
performed. The 2958 measured reflections were averaged tostrongly correlated. When the atoms D(2) and D(4), which take
2067 unigue wittRn(|F|?) = 0.0137. Of these, more than 85% part in the two short hydrogen bonds, were excluded from the
had intensities above 4 su. The standard uncertainties of theacentric model, two peaks were found in the nuclear difference
squared structure factors were based on the counting statisticsdensity, both in the center of a short hydrogen bond. Refine-

X-ray Data. The X-ray data were corrected for background, ment with D(2) and D(4) fixed in the crystallographic mirror
polarization, and Lorentz effects. Absorption correction was planes resulted in anisotropic displacement parameters for D(2)
not considered necessary. Refinements were carried out usingand D(4) similar in magnitude to those of the other hydrogen
data with and without correction for thermal diffuse scattering atoms in the structure. Within the accuracy of the neutron data,
(TDS). The two refinements gave identical displacement these results demonstrate that a center of inversion is present
parameters, within the standard uncertainty, and therefore thein the crystal. This implies that the correct space grougniam
data not corrected for TDS were used in the refinements. and that very short symmetric hydrogen bonds are found in both

The averaging of the X-ray diffraction data became somewhat hydrogen maleate ions. Inclusion of third-order Gra@harlier
complicated because of a shutdown of the cooling system for aparameters did not improve the model significantly, and none
couple of hours after six weeks of data collection. The of these new parameters had values above 2 su. The nuclear
shutdown resulted in a heating of the crystal to room temperaturedensity distribution was therefore modeled by a harmonic model
and a subsequent cooling to 122.4 K. All five standard With anisotropic displacement parameters.
reflections showed a linear decay prior to the heating and cooling The final model for the neutron data consisted of 178
of the crystal, which can be attributed to the decay in the parameters that included positional and anisotropic displacement
intensity from the X-ray tube. The intensities of the standard parameters for all atoms and an isotropic extinction parameter
reflections had a very different behavior after the heating and (g) according to the Becker and Coppens métielith a
cooling of the crystal. The intensities of the two strongest (low Lorentzian distribution of the mosaic blocks. The parameter
order) reflections showed a discontinuity associated with the refined to a value of 18.5(8k 10°* rac® with the lowest
heating and cooling of the crystal, whereas the other three hadF.%/F¢ ratio of 0.788 for the (2 0 0) reflection. The population
a linear decay during the whole data collection. We attributed of deuterium was 0.820(4) in the ammonium group and 0.639-
the sudden change in intensity to a change in the mosaicity of (4) in the short intramolecular hydrogen bonds. The residuals
the crystal due to the heating and cooling. The measurementsfrom the final neutron model are listed in Table 1 and the
were therefore divided into two data sets: one including data resulting parameters in Tables 2 and 3.
before the heating and cooling of the crystal and the other the Refinement of X-ray Data. The positional parameters for
rest of the reflections. Reflections withbetween 0 and 15 the H/D atoms were fixed to the values from the refinement of
were remeasured four times after the shutdown of the cooling the neutron data during the refinements of the X-ray data. The

Data Reduction
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TABLE 2: Atomic Positions in Fractional Coordinates? representations of the radial functions for the H/D atoms and
atom X y 2 for the octopole level on the other atom types were Slater-type
) 0.15258(6) 0.58582(3) 0.08992(1) exponentialst" exp(—ar). The initial radial scaling parameters

0.'1528(4) 0.5856(2) 0.6900(1) were the standard molecular valuesyp = 2.48,0c = 3.44,
0(2) 0.00019(6) 0.68421(3) 0.18127(2) an = 3.90, andoo = 4.50 A122 The exponenta were set to
0.007(4) 0.6843(2) 0.1815(1) the orbital quantum numbdr Allowing these radial scaling
0(3) 0.26698(6) 0.16805(3) 0.08847(2) parameters to vary in the refinement was a significant improve-
o %-22%%(94()6) %12%316(;—()2) %01888153%()2) ment of the model. The seven new parameters were as
O..2616(4) 0.'2944(2) 0.i815(1) follows: one commoru parameter on the radial functions for
N(L) 0.18233(5) 0.37148(3) 0.01101(2) the H/D atoms; one commor parameter for the valence
0.1825(2) 0.3716(1) 0.0111(1) monopole, dipole, and quadrupole radial functions; and@ne
c@) 0.13843(4) 0.61436(2) 0.15777(1) parameter for the octopole function for each of the other three
0.1382(3) 0.6141(1) 0.1577(1) atom types. Increasing the number of freely variable radial
c@ 8.'22883;3??54) 8'55(?22?(81()2) 8'22111158()1) scaling parameters did not improve the agreement with the
c@) 0.27071(4) 0.19215(2) 0.15715(1) observed structure amplitudes.
0.2709(3) 0.1921(1) 0.1572(1) Displacement Parameters. The final displacement param-
C4) 0.28616(4) 0.09589(2) 0.21184(1) eters derived from the refinements of the neutron and X-ray
) %..21?368%(23()6) %%%%i%é) %.20141087%()2) data sets showed discrepancies for the C, N, and O atoms, as
0.1389(3) 0.8851(1) 0.0407(1) shown in Table 3.
D(2) 0.0023(11) 0.6907(6) 1/4 An examination of the reflection profiles in the neutron data
D(4) 0.2618(11) 0.2985(6) 1/4 showed that the scan range had been too narrow for some
Eg‘g 8"2%328 8'81228 8&2338 reflections. This would be expected to affect the displacement
D(5) 0.0447(5) 0.3734(3) ~0.0198(2) parameters most. Blegsﬁ‘hyas suggested a linear model to
D(6) 0.1775(5) 0.4365(3) 0.0496(2) scale the two sets of displacement parameters:
D(7) 0.1945(5) 0.2960(3) 0.0408(2)
H(5) —0.0042(7) 0.8766(4) 0.0090(3) U;(N) = a; + b, U, (X)
H(6) 0.1454(9) 0.9686(4) 0.0665(3) ! ! L
H(7) 0.1472(9) 0.8213(5) 0.0848(3)

aThe first line for the C, N, and O atoms are from the X-ray WhereU”(N) s the neutron value anuij(x) the X-ray value.

multipole refinements and the second line from the refinement of the The anisotropic dlsplacemgnt par{:\meters for C, NZ and O in
neutron data. The positions of the H/D atoms are from the refinement Table 3 were used to obtain the six least-squares lines shown

of the neutron data. in Figure 2. The standard uncertainties of the displacement
parameters were used in the calculation of the uncertainties of

anisotropic displacement parameters for the H/D atoms werethe least-squares parametee, and by. The anisotropic
not varied during the X-ray refinements and initially set to the displacements parameters of the H/D atoms obtained from the
neutron values. In the final refinement thetensors of the neutron refinement were subsequently scaled using these
H/D atoms were scaled due to truncation errors in the neutron parameters.
data set, vide infra. Final X-ray Model. The final X-ray model included 343

A refinement with third-order GramCharlier coefficients on parameters, the corresponding residuals are listed in Table 1,
the C, N, and O atoms resulted in significant negative peaks in and the positional parameters are given in Table 2. The
the electron density near the lone-pair regions on the O atoms,extinction parametergj refined to a value of 1.28(2x 104
and the third-order GramCharlier coefficients had all values  rac® with the lowestF2FZ2 ratio of 0.73 for the (2 0 0)
below 3 su. Therefore we preferred the model with anisotropic reflection. The estimated scale factor was 0.9975(24). The
displacement parameters on the C, N, and O atoms. radial scaling parameters refined to the valkgs= 1.014(3),

The initial model consisted of 336 parameters, which included ky = 1.001(4),ko = 0.981(1),0p = 4.43(3),0ac = 5.87(6),
positional and anisotropic displacement parameters for the C, oy = 6.9(2), andoo = 7.6(4) A L. The final difference map
N, and O atoms and an isotropic extinction parametgr (  was featureless. A map of the region around one of the anions
according to Becker and Coppéhwith Lorentzian distribution is provided as part of the Supporting Information.
of the mosaic blocks. The electron density was modeled by
the following set of multipole parametef¥monopole, dipole,
and quadrupole parameters on all atoms and octopole parameterBesults and Discussion
on the C, N, and O atoms. TH®,, Q., andQy, parameters
were constrained to zero for the two H/D atoms with site  The refinements of the neutron diffraction data showed
symmetrym. The core monopole populations on the C, N, and unambiguously that the correct space group for methylammo-
O atoms were constrained to be equya{(C) = pc (N) = pc- nium hydrogen maleate Bnam a nonstandard setting of the
(O)). The scale factor was not varied, in these refinements, space groufPnma(no. 62). The cations and anions in the unit
but calculated as the ratio between the sum of the core andcell possess different site symmetry. Whereas the methylam-
valence monopole populations aR(D00)2° monium ion is in a general position, the two crystallographically

The radial functions on the monopole, dipole, and quadrupole independent hydrogen maleate ions are found on crystallographic
functions for the C, N, and O atoms were the density-localized mirror planes bisecting the =€C bonds and the two short
orbital products of Clementi and Roetti. Using (is) to hydrogen bonds with ©-O distances O(2)-O(2) =
symbolize inner shell density localized orbital product and (0s) 2.4214(5) A and O(4)-O(4) = 2.4183(5) A. Besides these
for the outer shell products, the following products were used very short intramolecular hydrogen bonds, weaker hydrogen
as radial functions: core monopoles (is)(is), valence monopolesbonds connect the methylammonium ions to the different
(os)(os), dipoles (0s)(2p), and quadrupoles (2p)(2p). The hydrogen maleate ions as shown by the stereo pair in Figure 3,
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TABLE 3: Anisotropic Displacement Parameters in A22
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atom Un Uz, Uss U Uiz Uz

o) 0.01884(11) 0.02157(10) 0.00964(9) 0.00233(11) —0.00132(8) —0.00193(8)
0.0191(9) 0.0262(10) 0.0170(8) 0.0031(8) —0.0015(8) —0.0013(7)

0©2) 0.01931(11) 0.01919(10) 0.01166(9) 0.00764(9) 0.00125(8) 0.00056(8)
0.0203(9) 0.0259(10) 0.0174(9) 0.0074(10) —0.007(8) 0.000(8)

oQ) 0.02501(13) 0.01830(11) 0.01005(9) 0.00099(10)  —0.00011(7) —0.00036(9)
0.0257(10) 0.0224(9) 0.0180(9) —0.0001(9) —0.0010(8) —0.0002(8)

0(4) 0.02398(13) 0.01226(9) 0.01170(9) 0.00067(9)  —0.00036(7) 0.00085(8)
0.0229(10) 0.0163(8) 0.0199(8) 0.0011(8) —0.0002(8) 0.002(7)

N(L) 0.01653(11) 0.01805(9) 0.01148(8) 0.00120(12)  —0.00092(9) 0.00019(8)
0.0169(5) 0.0216(5) 0.0184(5) 0.0007(5) —0.0010(5) —0.0002(5)

c) 0.01374(9) 0.01424(8) 0.00884(8) 0.00084(8)  —0.00032(7) —0.00038(7)
0.0144(7) 0.0177(8) 0.0166(7) 0.0020(7) —0.0003(6) —0.0004(6)

cE) 0.01331(9) 0.01621(8) 0.00978(7) 0.00288(10) 0.00007(6)  —0.00007(8)
0.0139(7) 0.0203(7) 0.0171(7) 0.0019(7) —0.0007(7) 0.0004(6)

c@) 0.01515(9) 0.01322(7) 0.00950(7) 0.00048(9)  —0.00002(6) 0.00000(8)
0.0147(7) 0.0168(7) 0.0173(7) 0.0001(6) 0.0001(6) 0.0006(6)

c(4) 0.01556(10) 0.01137(7) 0.01073(7) 0.00159(8) 0.00006(6)  —0.00065(8)
0.0153(6) 0.0158(7) 0.0186(6) 0.0010(6) 0.0005(7) 0.0001(6)

c(5) 0.01939(12) 0.01646(10) 0.01617(11) 0.00035(10) 0.00201(9) 0.00038(10)
0.0184(7) 0.0210(8) 0.0236(8) —0.0001(7) 0.0016(8) 0.0012(7)

D(2) 0.026(3) 0.026(3) 0.025(3) 0.007(3) 0 0
0.026 0.022 0.018 0.007 0 0

D(4) 0.023(3) 0.018(3) 0.032(3) —0.001(2) 0 0
0.023 0.014 0.025 —0.002 0 0

H() 0.027(2) 0.053(3) 0.036(2) 0.015(2) 0.004(2) ~0.002(2)
0.027 0.046 0.029 0.014 0.005 —0.005

H(4) 0.047(2) 0.026(2) 0.033(2) 0.003(2) —0.004(2) —0.005(1)
0.048 0.021 0.026 0.003 —0.005 —0.008

D(5) 0.024(1) 0.038(2) 0.031(2) 0.001(1) —0.004(1) ~0.001(2)
0.023 0.032 0.025 0.001 —0.005 —0.001

D(6) 0.030(2) 0.037(1) 0.028(1) 0.006(1) 0.000(1) —0.009(1)
0.030 0.031 0.021 0.006 0.000 —0.012

D(7) 0.028(1) 0.035(1) 0.033(1) —0.002(1) 0.001(1) 0.009(1)
0.028 0.029 0.027 —0.001 .001 0.013

H(5) 0.026(2) 0.046(2) 0.059(2) ~0.001(2) ~0.002(2) —0.005(3)
0.026 0.040 0.054 0.001 —0.004 —0.007

H(6) 0.053(3) 0.038(2) 0.049(3) 0.006(2) 0.006(2) —0.014(2)
0.055 0.033 0.043 0.006 007 —0.020

H() 0.052(3) 0.055(3) 0.042(2) 0.005(3) 0.013(2) 0.019(2)
0.054 0.048 0.036 0.005 16 0.026

aThe first line for the C, N, and O atoms represent the X-ray and the second line the neutron parameters. For the H/D atoms the first line is the
unscaled values from the neutron refinement and the second line is the scaled value.

forming alternating layers of cations and anions in the direction crystal charge density of methylammonium hydrogen maleate,
of the c-axis. a topological analysis was performed.

The hydrogen maleate ions have slightly different conforma-  Topology of the Crystal Electron Density. The total
tions; the molecular plane of anion 2 (C(3), C(4), O(3), O(4), electron density carries a wealth of information about the
H(4), and D(4)) is almost parallel to the cryskatplane and is physical properties of the system, and Bader has demonstrated
also the more planar. The torsion angle G{@)3)—C(4)— how the interatomic interactions in a system can be characterized
C(4) is 177.48(3); the equivalent angle in the other anion quantitatively by a topological analysis of the quantum chemical
differs by 10, 167.65(3). All the geometrical features involv-  electron density. It relies on the localization of the critical
ing the non-hydrogen atoms, bond lengths, bond angles, andpoints in the electron density, i.e. points with zero gradient of
torsion angles, derived from the multipole model compare the electron densityYp(r) = 0. Besides the position of the
extremely well with the values reported earlier from a conven- critical point and the corresponding value of the electron density,
tional refinement using another high-resolution data'&et. the second derivatives, i.e., the Hessian matrix, characterize the

An X—N deformation study based on room-temperature data critical point. The number of its nonzero eigenvalues defines
has previously been performed for both imididazolium and the rank,r, and the algebraic sum of the eigenvalues its
calcium hydrogen maleaté. The features of the deformation  signatures. The nomenclature ) is used to classify a given
density of the hydrogen maleate ion in these two structures arecritical point. An interaction between two attractors (normally
gualitatively in agreement with the deformation densities of the the nuclei) results in a path of maximum electron density
two hydrogen maleate ions in MADMA, depicted in Figure 4, between the two attractors. On this line there is & (3 critical
which show the static deformation mapgmidel — piam) point, a so-called bond critical point due to its origin. The
calculated through the plane of the carbon atoms. They areLaplacian of the critical point is the sum of the three eigenvalues
very similar with respect to the size and shape of the bonding of the Hessian matrix};, 42, andAs. A negative Laplacian in
and lone-pair densities and contain significantly more details the bond critical point arises when the two atoms share the
especially in the lone-pair regions than the deformation densitieselectron density and is therefore called a “shared interaction”.
reported in the earlier room-temperature stétlyTo obtain An electrostatic interaction results in a positive Laplacian in
more quantitative measures of the properties of the experimentalthe bond critical point, a so-called “closed-shell interaction”.
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Figure 2. Scaling of anisotropic displacement parameters. The error bars correspond to 1 su. Units on all a%es are A

The deviation from rotation symmetry in the bond is quantified software employed for the theoretical densities are not directly
by the ellipticity of the electron density in the bond critical point. applicable for the experimental results. Software is available
With an ordering of the eigenvalues of the Hessian matrix from to localize and characterize the critical points in the experimental
smallest to largest, the ellipticity is defined &g, — 1. An electron density® but it does not yet contain the algorithms to
additional strength of the topological analysis is that it enables calculate the zero-flux surfaces that enable the definitions of
the definition of atoms within a total density. Atoms separated atoms in the crystal and the subsequent calculation of the atomic
by the “zero-flux surface” obey quantum chemical and physical properties by integration.

relations. The zero-flux surfac, is defined asvp(r)-n(r) = Two recently developed algorithA{avere used to locate the

0, for all reS, wheren(r) is a vector normal to the zero-flux critical points, to determine the zero-flux surfaces, and to
surface. The atomic basins confined by the zero-flux surface perform the integration in the atomic basins. As an estimate
and its attractor (normally the nucleus) define an atom in a of the accuracy, summations were made of the populations and
molecule or crystal, and integration of the Laplacian over an volumes for the atomic basins in the unit cell; they resulted in
atomic basin should be zero. values that agreed within 0.3% wit(000) andVc.

For theoretical electron densities the topological analysis is  Assuming that the critical points are separated by more than
well-established with the appropriate software developed. There0.1 A, a grid of 0.1 A was used in the search for critical points
is an increasing interest in performing a topological analysis in the asymmetric unit of the crystal electron density. This
also for experimental charge densities, but the procedures andesulted in 20 (3;3) critical points, maxima corresponding to
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Figure 3. Crystal packing of methylammonium hydrogen maleate
viewed along the crystallograph&axis. Thec-axis is vertical, and
theb-axis is horizontal. The anion (C(1), C(2), O(1), O(2), H(2), D(2))
is illustrated with open bonds. The thermal ellipsoids scaled to include

50% probability are based on the same parameters as in Figure 1. The

hydrogen bonds are shown as thin lines.

Figure 4. Static deformation maps{—piam) shown in the plane of
the C atoms in each of the anions (anion 1: C(1), C(2), O(1), O(2),
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Figure 5. Maps of —V?p shown in the plane of the C atoms in each

of the anions. The distance from the O atoms to the least-squares plane
is 0.23 A in anion 1 and 0.05 A in anion 2. The positive values are
truncated at 256 efand negative at-128 e/&. The map sizes are

6.5 Ax 6.5 A.

to minima. The number of critical points in a unit cell should
satisfy the PoincareHopf relation?8

n3,—3) — n(3,~-1) + n(3,+1) — n(3,+3)=0

wheren(3,i) describes the number of (Beritical points in the
unit cell. Employing the crystallographic symmetry the fol-
lowing numbers were obtained for the critical points in the
electron density of the unit cell.

152—- 274+ 202—80=0

This demonstrates that the experimentally determined electron
density for methylammonium hydrogen maleate fulfills the
Poincafe-Hopf relation.

A non-negative crystal electron density is not ensured with
the multipole modet. We find in all the located minima that
o(re) = 0, which implies that the multipole expansion of the
experimental electron density does not become negative. Both
the fulfillment of the PoincdreHopf relation and the non-
negativity of the electron density demonstrate that the experi-
mental electron density qualifies for a more thorough analysis.
Paths from the bond critical points to the maxima (bond paths)
and from the ring critical points to the minima could be traced;
thus the topological space found possesses an inner consistency.

H(2), and D(2) on top). Negative values have broken contours: the The lengths of the bond paths are close to the respective
long dashed contour is the zero contour. Contour levels are at 0.1 einteratomic distances.

A-3. The distance from the O atoms to the least-squares plane is 0.23

A'in anion 1 and 0.05 A in anion 2. The map sizes are 6.5 A5 A.
The positions of the atoms are marked with”s.

the atomic positions, 36 (3,1) bond critical points, 30 (3,1)
ring critical points, and 12 (3,3) critical points corresponding

Hydrogen Maleate lons. Maps of the negative Laplacian
of the electron density in the planes of the carbon skeleton in
each of the two anions are shown in Figure 5. Whereas the
deformation densities in Figure 4 were very similar, the
difference in planarity of the two anions appears clearly in the
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TABLE 4: Intramolecular Bond Critical Points in the Hydrogen Maleate lons 2

bond,D, D1, o(ro) V2o(r ) M, A2, As bond,D, D1, p(ro) V20(r ) A1, A2, A3
D2 (A) (e A3 (e A5 (e A5 D2 (A) (e A3 (e A5 (e A3

C(1)-C(2) 1.84(2) —12.8(6) —13.9(3) C(3)-C(4) 1.82(2) —12.4(6) —13.8(4)
1.4921(4) ellipticity 0.16(3) —12.0(2) 1.4944(4) ellipticity 0.16(4) —11.9(2)
0.754(3) 13.2(1) 0.757(4) 13.2(1)
0.738(3) 0.738(4)

C(2-C(2) 2.37(2) —20.1(7) —19.2(4) C(4y-C(4y 2.36(2) —19.7(8) —18.8(4)
1.3439(3) ellipticity 0.30(5) —14.7(3) 1.3446(3) ellipticity 0.27(4) —14.9(3)
0.6722(2) 13.9(2) 0.6725(2) 13.9(2)
0.6722(2) 0.6725(2)

C(1)-0(1) 2.90(2) —32.8(11) —27.3(6) C(30(3) 2.92(2) —33.3(12) —27.7(6)
1.2454(3) ellipticity 0.11(3) —24.7(4) 1.2433(4) ellipticity 0.12(3) —24.7(4)
0.502(5) 19.2(4) 0.499(5) 19.1(4)
0.743(5) 0.745(5)

C(1)-0(2) 2.64(2) —28.6(12) —24.1(6) C(3>0(4) 2.60(2) —28.9(12) —23.8(6)
1.2817(5) ellipticity 0.09(3) —22.0(4) 1.2861(4) ellipticity 0.11(3) —21.5(4)
0.513(4) 17.4(4) 0.508(6) 16.4(4)
0.769(4) 0.778(6)

C(2)-H(2) 1.91(3) —19.3(9) —18.6(4) C(4y-H(4) 1.92(2) —19.7(8) —18.5(4)
1.084(5) ellipticity 0.04(3) —17.9(4) 1.086(4) ellipticity 0.04(3) —17.8(3)
0.714(4) 17.2(2) 0.707(5) 16.6(2)
0.369(6) 0.379(6)

O(2)-D(2) 1.13(2) —5.9(9) —13.3(4) O(4y-D(4) 1.09(2) —7.1(9) —13.8(4)
1.2134(6) ellipticity 0.00(4) —13.3(4) 1.2101(5) ellipticity 0.05(5) —13.2(4)
0.8994(6) 20.8(3) 0.9160(6) 19.9(3)
0.314(6) 0.294(6)

anion ring 0.089(5) 1.82(3) —0.25(2) anion ring 0.082(5) 1.80(4) —-0.22(3)

0.86(4) 0.84(4)
1.21(3) 1.18(3)

C—C (ethylend) 2.451 —28.73 -19.7
1.317 ellipticity 0.47 —-13.6
0.659 4.6

C—C (ethane) 1.702 —15.94 -11.5
1.527 ellipticity 0.00 -115
0.764 7.1

aD is the bond lengthD1 is the perpendicular distance from the bond critical point to the first atomDario the second aton,, 4,, andAs
are the three eigenvalues of the Hessian matrix ordered from lowest to highest eigenvalue. The ellipticity is défiied-ak ® The topological
features for the €C bonds in ethylene and ethane are taken from ref 31.

—V2p maps by the visibility of the&k shells of the atoms O(3), For comparison Table 4 also contains information on the
0O(4), and D(4) in the more planar anion. The two maps are topological features obtained from theoretical calculations for
very similar in the other regions of the anions. Thshells of ethane and ethylerf@. The excellent agreement between
the C and O atoms show the expected charge concentrations irtheoretical and experimental estimatespff;) and the two
the direction of their bonds. The characteristics of the intramo- negative eigenvalues of the Hessian matdix dnd 4,) is not
lecular bond critical points in the two anions are listed in Table found for the positivel;, where significantly smaller values are
4, which shows that the two independent anions have almostfound in the theoretical calculations. Similar discrepancies
identical topological features. between experimental and theoretical valuetsafere observed
The bonds C(2yC(2) and C(4)-C(4) are formally double earlier in the study of-dopa® This is an effect of placing the
bonds and C(}yC(2) and C(3)-C(4) single bonds. Despite  molecules in a crystal lattice, as it is also seen in periodic
the fairly large standard uncertainties on the bond ellipticities, Hartree-Fock calculationg? The higher electrostatic pressure
an inspection of Table 4 shows that the ellipticities in the bond in the crystal electron density is expected to compress the more
critical points are larger in the formal double bonds than in the diffuse electron density outside the bond path more than in the
single bonds. It has been demonstrated that the magnitude obond path and therefore to affect the valué/b(rc) to a much
the electron density in a bond critical point is related to the larger extent thamp(rc).
bond 0rde|2.9’30 Bader et aP.l found the fOIIOWing relation The C-0 bonds in the Carboxy groups show the expected
between the canonical bond OrdenS,Of the C-C bonds in property of one bond being Significant|y Stronger (h|gmer
ethane, ethylene, and acetylene and associated electron densit )) than the other. They have very small ellipticities that are
in the bond critical poinj(r): identical within the standard uncertainty. The topological
properties of the €0 bond critical points are in good agreement
n = exp(0.957k(r;) — 1.70)) with the characteristics of the-€D bond critical points derived
from other experimental electron density studiésWhen the
variation of the G-O bond length is taken into account, as
Roversi et aft did in their study of citrinin, an even better
agreement fop(r) is obtained. For the €0 bonds they found
the following relation between the electron density in the critical
point and the bond length:

We have used this expression to estimate th&€®ond orders

in the two hydrogen maleate ions. Using the valuesplog)

from Table 4 leads to the following bond orders for the ©
bonds: n(C(2)-C(2)) = 1.90(4), n(C(4)—C(4)) = 1.88(4),
n(C(1)-C(2)) = 1.14(2), and(C(3)—C(4)) = 1.12(2). Despite

the small difference in the planarity of the anions, they have
identical bond orders that show the expected conjugation of the 3501
hydrogen maleate ion. p(r) = 8.43R,™
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TABLE 5: Integrated Laplacian (L), Volume (V), Charge
(q) and Quadrupole Moment ComponentQ;, of the Atomic
Basins in the Aniong
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hydrogen maleate ions, and the total charges-6f9Ce and
—0.73 are not grossly different from the formal value-efle.

Very Short O—H—0O Hydrogen Bonds. In the study of

Q@  Lx10%eA?) VIA* oQ)e gmple Qe the equivalent hydrogen succinate salt it was demonstrated that
C() -3.1 590 123 0.00(2) 0.11 a very short intermolecular ©H—0 hydrogen bond possesses
C(2) —2.9 1251 -0.11 -0.07(3) 0.24 covalent characté¥. In that case the short hydrogen bond was
o(1) 3.9 1711 -1.00 —0.33(3) 0.17 between two different anions related by a crystallographic
0(2) 1.8 18.00 —1.04 -0.31(3) 0.03 . . Th loical - f the bond critical
H(2) 6.5 624 014 0.07(2) 0.00 inversion center. The topological properties of the bond critica
D(2) 7.2 1.01 066 0.37(2) 0.02 points in the very short symmetric-€H—0O intramolecular
S (CO0") 41.01 —0.81 —0.64(5) 0.31 hydrogen bonds (O(2)D(2) and O(4)-D(4)) are shown in
2(CH) 18.75  0.03  0.00(4) 0.24 Table 4. The two symmetric intramolecular hydrogen bonds
% (anion1) 120.53 —0.90 —0.91(9)  1.12 have very similar characteristics. The critical points are found
8%431; —g-g j.gg 01i217 ooo'gfé)Z) 002-é2 at the same distance ca. 0.30 A from the H/D atom, and the

o II Y e : n i | f their Laplacians sh h lent char r
o3 > 1755 —0.98 —0.30(3) 0.17 egative values of their Laplacians show the covalent characte
B _ of the intramolecular hydrogen bond. Both the relative position
O(4) 1.7 16.36 —1.03 —0.33(3) 0.02 . o .
H(4) 7.2 598 0.13 0.06(2) —0.01 gnd '_[he numerical values qf(rc)lgnd \% p(fc) are virtually
D(4 6.9 0.85 0.71 0.45(2 0.02 identical to those found for the critical point that represents the
(4) (2) p p
Y(CO0O) 39.64 —0.74 —0.61(5) 0.31 short symmetrical intermolecular hydrogen bond in MAHS.
%ggm-i%nz) 111769077 _00-7%2 _007-2%9();1) 101-24 The values of(ro) are much higher than the ones reported for

aThe number of points determined on the zero-flux surface for each
atomic basin for the C and O atoms is 2788 with ca. 500 000 integration
points in each basin. The corresponding numbers for the H/D atomic

normal hydrogen bondisind correspond to 40% ofr¢) in the
O—H covalent bond in KO (value 2.63 e A3 taken from
Badet). The interactions are so strong that D(2) and D(4) are
significantly depleted of electrons, as integration of the charge

basins are 650 and 250 00§{mp) is calculated from the population

of the monopole parameter from the refinement of the X-ray data. in the atomic basins gives$0.66e and +0.71e for D(2) and

D(4), respectively.

The topological analysis of the two hydrogen maleate ions
has also shown that the conjugated part of these anions did not
include the short hydrogen bond. In view of this result we
would expect that the intramolecular very short hydrogen bonds
would be similar to the equivalent intermolecular interactions
in the hydrogen succinate salt. This can explain the equivalence
between the properties of their bond critical points.

To further characterize D(2) and D(4) in the short hydrogen
bonds, the electrostatic potential in the unit cell was mapped
out on the basis of thé. models®® This is done by a
combination of Fourier and direct space lattice sums as described

(o(ro) is in the units e/(ad)and R, in bohr). If we insert the
experimental bond lengths into this expression, the following
values are obtainedp(rc)(C(1)—0(1)) = 2.80, p(r)(C(1)—
0(2)) = 2.53, p(r)(C(3)~0(3)) = 2.81, p(rc)(C(3)-0(4)) =
2.50 e A3; they correspond well to the values listed in Table
4.

Most of the ring critical points located in the unit cell are
intermolecular, with small values ofr) andV2p(r). In each
of the hydrogen maleate ions an intramolecular ring critical point
is found (cf. Table 4). Their topological properties are identical
within the standard uncertainties, and they have valuegrgf
that are ca. 10 times higher than fi{e.) of the other ring critical in greater detail in the similar investigation of MAHSIn this
points. latter study the potential in the crystal was calculated with the

Table 5 contains information of some of the properties of potential due to the hydrogen atom in the short hydrogen bond
the atoms in the anions obtained by integration over the atomic *emoved. The resulting potential showed a distinct local
basins?” The values for the integrated Laplacian are sufficiently minimum, at the special position (inversion center) where the
close to 0 that it gives faith in the physical content of the other proton is located. We found it of interest to examine whether
integrated properties. The integrated quadrupole moment of thesimilar single-well potentials exist for the protons in the short
atomic basin is related to thecharacter of the bonds that the intramolecular hydrogen bonds of the hydrogen maleate ions.
atom takes part i34 The orthogonal coordinate system used Maps of the electrostatic potential calculated without the
in the multipole description is aligned with itsaxis parallelto ~ contributions from D(2) and D(4) in the short hydrogen bonds
the crystallographic-axis. As mentioned earlier and illustrated ~ are shown in Figure 6, which both show one distinct minimum.
in Figure 3, we find that the two anions are oriented in the crystal The largest curvature of the potential is in both cases in the
with the c-axis virtually in their molecular planes. We would direction of the respective O atoms. A crude estimate of the
therefore expect that a larg€),, component would reflect a  electrostatic energy of stabilization can be obtained by muilti-
depletion of charge in the planes of the anions. Inspection of plication of the charges in the multipole model of the removed
the Q,; values in Table 5 reveals that high values are found at atoms and the minima in the potential when their potentials have
the C atoms, with the maximum values at C(2) and C(4). The been subtracted. The monopole charges of D(2) and D(4) are

atoms O(1) and O(3) have lar@y,components indicating that

the bonds C(1)O(1) and C(3)-O(3) have bond orders above
1, whereas th€),, components for O(2) and O(4) have values
close to 0, indicating C(})O(2) and C(3)-O(4) are single

+0.37% and—+0.4%, respectively, and the minima have values
of —13.1 and—14.3 V (-0.91 and—0.99 e/A). Placing the
protons in their respective minima gives the energies 4.9 and
6.4 eV (473 and 617 kJ/mol) that at least are of the right order

bonds, in agreement with the bond lengths given in Table 4. of magnitude.

This makes us conclude that the conjugated system in the The Methylammonium lon and Transferability of Topo-
hydrogen maleate ion includes the carbon skeleton and thelogical Properties. A map of the negative Laplacian in the
double-bonded O atoms, but not the oxygen atoms linked by plane of N(1), C(5), and H(7) is shown in Figure 7. The
the very short intramolecular hydrogen bond. The calculated shells of N(1) and C(5) show charge concentrations directed
integrated properties of the individual atomic basins and the toward their bonds. Although there is no crystallographic
chemical functional groups are transferable between the two symmetry imposed on the cation, it possesses almost a mirror
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Figure 6. Crystal electrostatic potential in the plane with the largest gradient of the very short symmetric hydrogen bonds (D(2) on the left) with
the potential of D(2) and D(4) respectively removed. The contours of constant equipotential are in units of e/A with a difference of 0.1 e/A between
the Ivels. The maximum contour for D(2) and D(4) correspongt®90 andt0.99 e/A, respectively. Short dashed lines indicate negative potential;

the long dashed line is the zero-potential line.

TABLE 6: Intramolecular Bond Critical Points of the Methylammonium lon in MADMA and MAHS 2

MADMA MAHS

bond,D, D1, o(ro) V2p(r o) A, Az, As bond,D, D1, o(ro) V20(r¢) A, A2, As
D2 (A) (e A3 (e A (e A9 D2 (A) (e A3 (e A (e A9

C(5)-N(1) 1.73(2) —8.4(7) —11.4(3) C(3¥N(1) 1.63(2) —12.1(8) ~10.0(4)
1.4807(6) ellipticity 0.00(4) —-11.3(3) 1.4798(17) ellipticity 0.01(5) —-9.9(3)
0.638(6) 14.4(2) 0.590(12) 7.8(2)
0.842(6) 0.890(12)

C(5)-H(B) 1.86(2) ~17.1(8) ~17.3(4) C(3y-H(6) 1.92(2) —20.1(7) -18.3(3)
1.077(5) ellipticity 0.04(3) —16.7(4) 1.076(3) ellipticity 0.04(3) —17.5(4)
0.703(5) 16.9(2) 0.692(4) 15.7(2)
0.383(6) 0.384(4)

C(5)—H(6) 1.97(3) —21.6(10) —18.9(4) C(3)-H(7) 1.93(2) —20.3(9) —18.0(4)
1.084(5) ellipticity 0.02(3) —18.6(4) 1.072(5) ellipticity 0.02(3) —-17.7(4)
0.705(6) 16.0(2) 0.684(8) 15.3(2)
0.379(6) 0.389(8)

C(5)-H(7) 1.97(2) —21.7(8) ~18.9(4)

1.086(6) ellipticity 0.02(3) —18.5(4)
0.700(4) 15.7(2)
0.377(6)

N(1)—D(5) 2.12(3) —31.1(16) —29.0(7) N(1)-H(4) 2.13(4) —35.5(16) —29.1(7)
1.038(3) ellipticity 0.03(3) —28.2(7) 1.031(3) ellipticity 0.02(4)  —28.6(7)
0.782(3) 26.0(4) 0.783(3) 22.2(3)
0.257(6) 0.249(3)

N(1)—D(6) 2.13(3) —31.1(16) —29.2(7) N(1)}-H(5) 2.10(4) —36.0(18) —29.1(8)
1.038(3) ellipticity 0.02(4) —28.7(7) 1.039(6) ellipticity 0.03(4)  —28.2(8)
0.775(3) 26.7(5) 0.793(6) 21.4(5)
0.252(6) 0.246(4)

N(1)-D(7) 2.19(3) —33.8(16) —29.7(7)

1.027(3) ellipticity 0.02(4) —29.2(7)
0.773(3) 25.1(4)
0.266(6)

aD is the bond lengthD1 is the perpendicular distance from the critical point to the first atom,Qihtb the second atond,, 1., andA; are
the three eigenvalues of the Hessian matrix ordered from lowest to highest eigenvalue. The ellipticity is defited-ad.

plane, which makes D(6) visible in the plane defined by N(1), the mirror plane symmetr.In both salts these hydrogen bonds
C(5), and H(7). This symmetry facilitates the comparison with are normal, with N:+O distances in the range 2.9 A. The
the results of the same cation in the hydrogen succinate salt,intramolecular critical points of the methylammonium ion in
where it was found on a crystallographic mirror plane. The MADMA and MAHS are listed in Table 6; the atomic labels
integrated volumes, charges, and Laplacians of the atomic basinsn this table refer to Figure 8. A high degree of transferability
in the methylammonium ions are listed in Table 7. It should of the properties of the methylammonium ion between these
be noted that the two values for the integrated charge of the two compounds could be expected due to the similarities in the
cation (+0.8& and +0.9%) are close to the formal value of hydrogen-bonding environment. As a consequence of the
+1le. crystallographic mirror plane in the cation in MAHS, the number
The ammonium group of the cation in the hydrogen maleate of unique C-H and N-H bonds is reduced by one, but the
salt (MADMA) is hydrogen-bonded by three different hydrogen properties of the equivalent critical points are identical within
maleate ions. In methylammonium hydrogen succinate mono-5 su. In a study of the charge density of peptide-like molecules
hydrate all possible donor atoms are also involved in hydrogen it was found that the multipole parameters were transferble.
bonds, the ammonium group is hydrogen-bonded to a water A more quantitative study of the transferability of properties
molecule, and the €0 groups from two anions are related by derived from the total electron density of related molecules has
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TABLE 7: Values of the Integrated Laplacian (L), volume
(V), and Charge @) of the Atomic Basins of the Cation in

MADMA and MAHS @
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Q L x10eA2 WVQ)A® qQ)e qgmp)e
MADMA
C(5) -6.3 11.1 0.00  0.04(4)
N(1) —47 139 -1.14 —0.02(6)
D(5) 3.7 2.2 052  0.22(2)
D(6) 6.2 2.6 052  0.22(2)
D(7) 5.4 1.9 052  0.18(2)
H(5) 3.5 5.8 0.12  0.06(2)
H(6) 45 55 016  0.06(2)
H(7) 3.1 5.4 0.17  0.06(2)
5 (CHa) 27.8 045  0.22(5)
5 (NH3) 20.6 0.42  0.60(7)
5 (CHsNHs*) 48.4 0.88  0.82(9)
MAHS
c@) -6.8 11.3 012 —0.12(5)
N(1) -15.8 139 —1.25  0.05(6)
H(4) 75 2.1 055  0.19(2)
H(5) 7.0 1.8 059  0.22(2)
H(6) 8.6 6.4 0.15 0.14(2) Figure 7. Map of —V2p in the plane of N(1), C(5), and H(7). D(6) is
H(7) 8.6 7.8 0.13 0.12(2) 0.1 A from the plane. The positive values are truncated at 256 e/A
2(CHy) 319 0.55 0.38(6) and negative at-128 e/&. The map size is 4.0 A 4.0 A.
5 (NH3) 19.9 0.44  0.65(7)
> (CHs NHz*) 51.0 0.99 1.03(9) H D, /H,
6/6

aThe integration of the atomic basins has the same accuracy as the
atomic basins in the anions in MADMAy(mp) is calculated from the
population of the monopole parameter from the refinement of the X-ray H C D /H
data. 517

been carried out by Espinosa et3al.The present study
represents the first thorough investigation of the same molecular H,,. D /H,
entity n slightly dlfferent.enVIronments-. . Figure 8. Methylammonium ion with the labeling of the atoms in
.The. Intggrated properties of the basins in the methylammo- \apma and MAHS. The notation @3 indicates that C has number
nium ion in the two compounds (cf. Table 7) are transferable fjve in MADMA and three in MAHS.
between chemically equivalent atomic basins, of the chemical
functional groups and of the whole fragment. These compari- values obtained from the multipole parameters, as exemplified
sons show that quantitative transferability of topological features by the magnitude of the dipole moment for anion 1 (C(1), C(2),
is applicable to experimentally determined electron densities. O(1), O(2), D(2), H(2)), which is 0.25(3% A derived from
Atomic Charges from Diffraction Data. The charges the multipole model and 0.88 e A derived from the integrated
calculated from the zero-flux surface partitioning indicate a properties. The center of mass in the anion was used as the
larger charge transfer between the atoms than other chargeorigin in both calculations. The angle between the dipole
partitioning schemes, i.e. like the summation of monopole moments derived from the multipole model and the integrated
populations in Tables 5 and 7. The same differences have beerproperties is 55 where the direction of the dipole moment
observed in the zero-flux partitioning of theoretical charge derived from the integrated properties is in the plane of the anion
densities®® The charges of molecular fragments of the electron pointing away from the carboxylate groups, as expected. It
density from the two partitioning schemes are almost identical. would be of interest to elucidate this aspect further by other
We attribute this agreement to the very low electron density types of calculations and experiments.
between the fragments. N—H---O Hydrogen Bonds. The previous structural study
The higher moments of the electron density (e.g., the dipole of MADMA had identified three intermolecular NH---O
moments and quadrupole moments) are quite different from the hydrogen bonds on the basis of geometrical crit&ialhe

TABLE 8: Intermolecular Bond Critical Points and Geometry of the N —H---O Hydrogen Bonds
bond,D1, D2 (A) o(re) (e A9 V2o(re) (e A5) A, Ao, Az (€ A5) geometry (A) and (deg)

O(1)+-D(5) 0.24(1) 2.1(2) —1.6(1) N(1)-D(5) 1.038(3)
ellipticity 0.12(8) —1.4(1) N(1)--O(1) 2.8372(5)
1.182(7) 5.1(1) D(5)-O(1) ® 1.834(3)
0.656(12) N(1)—D(5)+-O(1) 161.2(3)
O(1)+-D(6) 0.19(1) 2.0(1) ~1.1(1) N(1)-D(6) 1.027(3)
ellipticity 0.06(10) ~1.0(1) N(1)--O(1) 2.8972(6)
1.218(10) 4.2(1) D(6)-0(1) 1.910(3)
0.694(10) N(1)—D(6)-+-O(1) 160.2(3)
O(3)+-D(7) 0.29(1) 1.7(2) —2.0(1) N(1)-D(7) 1.039(3)
ellipticity 0.10(8) —1.8(1) N(1)+-O(3) 2.8188(6)
1.163(6) 5.6(1) D(7)-0(3) 1.792(3)
0.629(9) N(1)—D(7)-+-O(3) 169.2(3)

aD1 is the distance from the critical point to the first atom and D2 to the second aipiy. andA; are the three eigenvalues of the Hessian
matrix ordered from lowest to highest eigenvalue. The ellipticity is defineth/as — 1.
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shell) in nature. The three hydrogen bonds are of the normal ©Pserved and calculated structure amplitudes will appear in the
linear type, so short hydrogen acceptor distances are associateficrofiche version only. Ordering information is given on any
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