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The crystal structure of urotropifé-oxide-formic acid, as determined from multiple temperature single-
crystal X-ray diffraction experiments in the range 295 K and from neutron diffraction at 123 K, is
reported. There is a strong hydrogen bonding interaction between the OH of formic acid adxtie of
urotropine, with the oxygenoxygen distance ranging from 2.4300(10) to 2.4469(10) A. The electron density

of the hydrogen atom associated with this interaction was located in the Fourier difference maps of the spherical

atom refinement after all heavy atom positions were determined. The maximum of the electron density
associated with the hydrogen bond is located approximately 1.16 A from the formate segment, though the
distribution of electron density is very broad. The electron density associated with the H atom is thus shown

by these accurate X-ray diffraction experiments to be approximately centered at all temperatures studied.

This was conclusively confirmed by single-crystal neutron diffraction data obtained at 123 K, from which
statistically equivalent ©H distances of 1.221(7) and 1.211(7) A were obtained.

1. Introduction notable that proton migration may occur in both homonuclear
(X—H—X) and heteronuclear (XH—Y) systems. In this area,
one of us (C.C.W.) has played a role in the application of
neutron and X-ray diffraction at variable temperature to this
type of problem; neutron diffraction has generally played an
important role in the determination of nuclear positions for Bw-
atom problems. A combination of neutron and X-ray diffraction
ermits a complete characterization of all scattering density
complex systems are aiso due to the presence of the hydrogergresem—the nuclear and electron densities associated with the
bond; highly complex examples occur in structural biology, H atom
where the generation and maintenance of protein secondary and ) . L
tertiary structure is dependent on this interacioh® Protein- . For many chemical systems, the det_ermlnatlon of structure
protein interactiond,enzymatic catalysid3 and the structural 'S based on th_e. assumptions of the existence of atoms within
the molecules; in this sense, a molecule may be defined as a

chemistry of DNA are yet more complex examples. . . -
The presence of a hvdrogen bond is relatively simple to bound ensemble of atoms and is therefore an extra hierarchical
€ b . yarog y pe | layer over and above the structure of the atom in the description
predict in the solid state. The presence of two electronegative . S . .
SO of matter. Though this assumption is widespread in chemistry,
atoms, usually N, O, or F, one of which is bound to at least - e o ;
. .. a comprehensive definition of the atom within this hierarchical
one hydrogen, normally ensures that a hydrogen bond will exist, ; X .
structure that is quantum mechanically satisfactory has only been

assuming that there is no structural motif that prevents bond derived in the past 25 years or so, predominantly due to the
formation. The ease of formation and the predictability of the work of Bader3-3 More succinctly’® [fJhe molecular structure

presence of hydrogen bonds have led to the exploitation of this h hesis th lecule | llecti ¢ linked b
interaction in the intelligent design of crystal structuréise ypothesisthat a molecule is a collection of atoms linked by
a network of bondswas forged in the crucible of nineteenth

i i i —21

fmfl oftc][ystaltsnglneer'ltnéﬁ d flexibility of the hvd century experimental chemistry. It has continued twsexs
part from the importance and Texibiiity of the hydrogen .o principal means of ordering and classifying the obaépns

bond as an important interaction in the solid state, it is also of of chemistry

theoretical interest in the study of proton transfer in several An issue arises when considering the structure of a crystalline
systems: notably, carboxylic acid dimers have been investigated . . gthe y
material that derives from the bipartile nature of the atom

theoretically and experimentally toward this édd! It has been . e i : )

demonstrated, through both variable temperature X-ray and ltself: Itis not possible, by a single experimental method, to

neutron diffraction experiments, that in some molecular systems(Jleterrnlne the structure of an atom or any ensemble of gtoms,

the hydrogen atom migrates to the center of theb-Y bond one may determ!ne the electron d_en:_mtythe nuclear density,

as the temperature of the experiment is rafed3231t is but not both, using the same radiation source. If the nuclear

' position of the atom and the electron density associated with

* Department of Chemistry, University of Tennessee the atom are very strongly correlated, then it is certainly
* University of Glasgow. ' reasonable to assert that either the distribution of the nuclear
'Neutron Sciences Consortium, University of Tennessee. positions or the distribution of total electron density is a good
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Hydrogen bonding is a common interaction in many areas
of structural chemistry-# In chemically simple systems, such
as the hydrides of the first-row elements, it is responsible for
the strongly associated nature of wate¥t ammoniat? and
hydrogen fluoridé2~15 as well as the excellent solvent properties
of these fluids. The physical and chemical properties of more
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measure of the position of any atom within the system. We also e
note that, for the vast majority of atoms, the total electron density O
is dominated by the core electron density.

There are at least two areas where this last generality is not
true in molecular systems: the electritfe4® and those systems ®
that contain the hydrogen bond. In the latter case, the valence N
density of hydrogen is also the “core” density and in the
hydrogen bond the delocalized nature of the electron density
ensures that the normally strong correlation between the
distribution of nuclear density and the distribution of electron
density breaks down. Consequentially, the “atomic” definition
of a hydrogen bond is more problematic.

. ) ) N . N N
In this report, we detail extensive X-ray diffraction studies =~ \/
at variable temperature, as well as a neutron diffraction study,
of urotropineN-oxideformic acid. By using both radiation N

sources, we thereby define all the scattering density in the Bragg
average associated with the hydrogen bond. We note that theFigure 1. Molecular structure of urotropink-oxide.
neutron diffraction data are not essential or even necessary in

an a priori sense to define the electron density distribution in ‘_%A(O
the hydrogen bond, but as we shall show, the inclusion of o H
information about the distribution of nuclear density is instruc- | ®
tive. Moreover, we explore the possible methods of visualization N
of the electron density associated with the hydrogen bond and r( j
show that direct, Fourier imaging is a useful method that is N~|_—N
complementary to other, more usual methods of refinertfent. N\/ 2d
We also explore the chemical ramification of our results in an
“atomistic”, chemical sense and show that such a description ' o
of the hydrogen bond is not particularly illuminating. (O _/<0

Urotropine is a molecular system that has had an important © .--'H'o H ,H“"O H

o} o}

role in crystallography, due in part to the similarity of this |@ |C+)
molecule to adamantar&.58 Whereas adamantane is of great N N
interest as an archetype for plasticity, urotropine is briftle, r( W r( W
despite the apparent similarity between the molecular structures. N-[___-N N-[___-N
Urotropine crystallizes in the cubic space gradgm, with one N/ 2a N—/
nitrogen atom and one carbon atom in the asymmetric unit, and
is structurally related to adamantane. Due to the high tetrahedral
symmetry of the molecule, there is only one set of unique bond 0@
lengths for urotropine and the-@N bond length is 1.4715(14) _.-0=<
A. The simplicity of the asymmetric unit and the lattice has o-H H
ensured that urotropine has been investigated as a model for |®

i . L ; . N
lattice dynamic$® molecular vibrations in the solid r W
state??49.5052,53,556.6(and multipole refinements;>"58 among (
other areas. Urotropink-oxide is a potentially polybasic, polar LN\N\\//N
molecule, and its adducts are interesting systems for the 2

investigation of hydrogen bonding. The molecule has two Figure 2. Potential equilibria involving both proton and electron
potential sites at which hydrogen bonding may oectine redistribution.
tertiary nitrogen centers and tiNvoxide O atom-offering the
potential for the “engineering” of intermolecular interactions tion automatically is present. This possibility was alluded to
with appropriate adducts. by Mak in 1978 in an inverted manner by asserting that, due to
The molecular structure of urotropiméoxide, shown in  the asymmetry in the €0 and C=O bond lengths, there was
Figure 1, has previously been investigated by single-crystal N0 formal proton transfer, though the quality of his data collected
X-ray diffraction®® It is notable that the NO bond length is at that time precluded a detailed analysis of the structural
particularly short at 1.3951(12) A, where the normal range for behavior of the hydrogen atom. Correlation of the bond lengths
the N-O distance in hydroxylammonium cations is 1.396  in the formic acid residue to the structure of the electron density,
1.436 A%2631t is a neutral molecule, though there is a formal and therefore the proton position, can occur in this material as
charge separation between nitrogen and oxygen. The structurdull H atom transfer to the NO bond should result in the
of several adducts of urotropié-oxide have also been formation of a delocalized formate ion. Retention frhe—H
reported®-68 we note that the molecular and crystal structure bond order should make the delocalization less likely in the
of 1 was first determined by Mak in 1978, from data ac- formate ion. Possible equilibria of this type are shown in Figure
cumulated at room temperatUfes8 2.

There is a potential coupling between the distribution of  Using a valence bond formalism, in principle, tNeoxide:
electron density associated with the hydrogen position and theformic acid adducRa can equilibrate wit2b, the hydroxyl-
structure of the formic acid residue in urotropiNesxide-formic ammonium formate salt where the formate ion is fully delo-
acid, and in a valence bond, atomistic description, this correla- calized and therefore possesses equalOCbhond lengths, or
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TABLE 1: Selected Refinement Parameters for the Collected Data

temp (K) 123 (neutron) 123 (X-ray) 148 173 198 223 248 298

6 range (deg) 2.1628.34 2.16-28.34 2.1328.31 3.10-28.27 2.10-28.34 2.16-28.29 2.16-28.79

index range for —13<h=<13 -9<h=<8 —-9=<h=8 —-9<h=<8 —-9=<h=<8 —-8=<h=<8 —-8=<h=<8 -9=<h=<9
data collection —-13<k=<2 —-8=<k=9 —-8<k=<9 —-8=<k=8 —-9<k=<8 -9<k=<9 —-9<k=<9 -9<k=<9

—31<1=<38 —25<1<25 —-25<1=<25 —-24=<|=<25 —-25<1<25 —-25<1<25 —-25<1=<25 —-25<1<25

reflns collected 3771 9144 9144 9107 8748 9329 9177 9415

ind[epzen)d]ent reflns 2144 2145[0.0232] 2145[0.0232] 2143[0.0226] 2144[0.0216] 2176[0.0279] 2168][0.0216] 2195 [0.0252]
R(int

completeness to 97.1 97.1 97.1 96.6 97.3 97.1 92.8

0 = 28.33 (%)
data/restraints/params  2144/0/313  2145/0/131  2145/0/131  2143/0/131  2144/0/131  2176/0/131  2168/0/131  2195/0/131
S 1.02 1.037 1.037 1.045 1.043 1.014 1.025 1.017
final Rindices R1I=0.15F R1=0.034% R1=00349 R1=0035¢ R1=0.035% R1=0.037% R1=0.0398 R1=0.040%

WRZ=0.092 wWR2=0.099¢ WR2=0.0990 WR?=0.0973 wR2=0.0992 wR2=0.1012 wR?=0.103% wR2=0.1056
Rindices (alldata) R¥0.221 R1=0.0393 RI1=0.0393 R1=0.0414 RI1=00386 RI1=0.0490 R1=0.0501 RI=0.0555
WR?=0.095 wR=0.1043 wR=0.1043 wR=0.1025 wR=0.1030 wR=0.1120 wR=0.1126 wR=0.1153

a[l > 20()]%, [I > 3o]N. P[I > 20(1)].

with 2c/2d, the hydroxylammonium formate salts where the hydrogen atoms were refined anisotropically, with most of the
bond lengths in the formate ion are not resonance delocalized.hydrogen atoms being introduced at idealized positions and

We note that the resonance structures illustrated in Figure 2refined using a riding model. The electron density associated
as intermediates only have formal meaning within a valence with H1, the hydrogen bonded H atom, was located in the
bond description and that the description of many main group Fourier difference map and its positional parameters refined.
and organic molecules is inadequate when the description isThermal parameter refinements for the hydrogen bonded H atom
based on a hybridizational or valence bond appré&ci.By were performed using SHELXTE for isotropic refinements
using a method of analysis which expressly uses a delocalizedand GSAS° for anisotropic refinements. WeightdRifactors,
description of the electron density, we hope to shed light on wRZ, and all goodness-of-fit values are basedr3n

the precise nature of the hydrogen bonding network.in Neutron Diffraction Experiments. Neutron diffraction data
_ . were obtained at the Intense Pulsed Neutron Source (IPNS) at
2. Experimental Section Argonne National Laboratory using the time-of-flight Laue

UrotropineN-oxide formic acid was synthesized by addition ~ Single-crystal diffractometer (SCB).°*At the IPNS, pulses of
of an excess of hydrogen peroxide to an aqueous solution ofProtons are accelerated into a heavy-element target 30 times
urotropine. Single crystals suitable for X-ray or neutron dif- P€r sécond to produce pulses of neutrons by the spallation
fraction experiments were either grown by slow evaporation of Process. Because of the pulsed nature of the source, neutron
the reaction mixture or recrystallized from concentrated aqueousWavelengths are determined by time of flight based on the de
solutions by passing a current of air over a droplet of the solution Broglie equation
that was placed on a glass plate made hydrophobic by the
application of a very small quantity of sebaceous oil. 1= hm

X-ray Diffraction Experiments. For the temperature range tl
123-198 K, suitable crystalline specimens were mounted in
Paratone oil, while for temperatures of 223 K to room Wwhereh is Planck’s constantnis the neutron mass, artds
temperature the crystals were mounted with epoxy on a glassthe time of flight for a flight path, so that the entire thermal
fiber. Single-crystal X-ray diffraction data were collected using Spectrum of neutrons can be used. With position-sensitive area
a Bruker AXS Smart 1000 Diffractometer equipped with a CCD detectors and a range of neutron wavelengths, a solid volume
area detector and graphite monochromatized Mo source (Mo of reciprocal space is sampled with each stationary orientation
Ka, 0.710 73 A) and a Nicolet LT-2 cooling device, with a of the sample and the detectors. The SCD has %walass
crystal-to-detector distance of 5.0 cm. Diffraction data were Scintillation position-sensitive area detectors, each with active
collected from crystalline specimens of urotropiNexide areas of 15x 15 cn? and a spatial resolution of1.5 mm.
formic acid at temperatures of 123, 148, 173, 198, 223, 248, One of the detectors is centered at a scattering angle of 75
and 298 K; the parameters of each data collection are collatedand a crystal-to-detector distance of 23 cm, and the second

in Table 1. detector is at 120and 18 cm. Details of the data collection
Refinement of X-ray Data. More than a hemisphere of data and analysis procedures have been published previét&ly.
were collected over the angular range of 2-:28.34 in 6 (123 A crystal of urotropineN-oxide-formic acid with approximate

K).”7 Frame widths of 0.3were used for the data collection of dimensions of 1.8x 1.3 x 0.6 mn? was molded into an
9144 reflections, counting 40 s per frame. Data reduction and aluminum foil “sandwich” and was glued to the end of a
spherical atom analyses were carried out using the Brukerstandard aluminum pin with epoxy adhesive. The sample was
program Sairff and the General Structure Analysis System placed on the DISPLEX cold stage in the SCD, cooled to 260
(GSAS)’® The unit cell dimensions were refined on the basis K in a helium atmosphere, and then cooled to 123 K under
of 7531 reflections. A multiscan absorption correction was made vacuum.

using SADABS?®0 Systematic absences were consistent withthe  For each setting of the diffractometer angles, data were stored
space group2;/n. A total of 8163 reflections were collected, in three-dimensional histogram form with coordinateg,t

and merging of equivalent reflections gave 2145 unique corresponding to horizontal and vertical detector positions and
reflections Rt = 2.32%), with 2004 classed as observéeh|( the time of flight, respectively. Data were analyzed using the
> 4o¢). The structure was solved by direct methods (SHELX- ISAW software packadéin addition to other local IPNS SCD
TL),* refined by the full matrix least-squares method and programs. For intensity data collection, ruri$d per histogram
completed by a series of difference Fourier syntheses. All non- were initiated, arranged atand ¢ values suitable to cover at
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TABLE 2: Lattice Parameters (Reduced Unit Cell) for the Collected Data at Variable Temperaturé

alA blA dA Bldeg TIK ref

6.845 6.847 19.480 95.06 208 67

6.726(1) 6.732(1) 19.418(4) 95.391(16) 123 this Wérk
6.774(2) 6.790(2) 19.472(7) 95.159(6) 123 this wWork
6.7679(19) 6.779(2) 19.487(6) 95.446(5) 148 this Work
6.770(3) 6.799(3) 19.433(8) 95.297(7) 173 this wWork
6.787(2) 6.802(2) 19.532(7) 95.266(6) 198 this wWork
6.785(2) 6.8176(19) 19.473(6) 95.107(1) 223 this Work
6.7989(5) 6.8226(4) 19.4639(13) 95.1020(10) 248 this Work
6.8272(13) 6.8456(13) 19.484(4) 94.983(3) 298 this Work

2 The superscripts in the reference column denote X-ray (X) versus neutron (N) data.

TABLE 3: Intermolecular Structural Parameters at Variable Temperature from Spherical Atom Refinement?

TIK IniodA rownd/A roznd/A roiodA rozcdA roscdA Ooinioddeg Oozcroddeg

123 13727(33)  1221(7)  1211(7)  2.428(6)  1.286(5) 1.230(4) 173.3(6) 126.28(34)  (N)
123 1.3984(11)  1.24(4) 1.19(7) 2435(1)  1.2862(14)  1.2228(13) 173.1(5) 12517(10)  (X)
148 1.3956(11)  1.25(3) 1.21(3) 2.443(1)  1.2818(15)  1.2252(15) 170.0(6) 125.62(11)  (X)
173 1.3949(12)  1.24(2) 1.21(2) 2439(1)  1.2778(15)  1.2206(15) 172.3(6) 12555(12) (X
198 1.3951(11)  1.24(6) 1.20(6) 2.438(1)  1.2786(15)  1.2234(15) 174.0(6) 125.89(12)  (X)
223 1.3979(12)  1.22(6) 1.24(6) 2450(1)  1.2757(16)  1.2258(15) 174.2 (6) 126.05(12)  (X)
248 1.3933(13)  1.26(3) 1.18(6) 2.430(1)  1.2680(18)  1.2147(18) 172.7(6) 126.00(15) (X
298 1.3940(14)  1.27(6) 1.18(3) 2430(1)  1.263(2) 1.2107(19) 171.4(1) 126.47(16)  (X)
298 1.388(6) 2.435(4)  1.281(6) 1.200(6) 126.1(5) 67

aNeutron data are represented by “(N)” and X-ray data by “(X)".

least one unique quadrant of reciprocal space. With this counting(2) A, 298 K; 1.4480(14) and 1.4783(14) A, 123 ¥]%8Based

time, 17 histograms were completed during the 5 days availableon the neutron diffraction data, the carbesxygen bond

for the experiment. The recorded histograms were indexed anddistances in the formate segment of the molecule are 1.286(5)

integrated using individual orientation matrices for each histo- and 1.230(4) A for the G#02 and C703 bonds, respectively,

gram, to allow for any misalignment of the sample. The and these distances are compiled in Table 3. These distances

intensities were corrected for wavelength dependence of thecoincide with the results extracted from the X-ray diffraction

incident spectrum and sample absorptian(ém™1) = 4.205). experiment at 123 K, 1.2862(14) and 1.2228(13) A, respectively.
Refinement of Neutron Data. Bragg reflections were  The C—-N bond distances in the cage correspond well with the

integrated about their predicted location and were corrected for distances obtained in the X-ray diffraction experiment, differing

the Lorentz factor, the incident spectrum, and the detector by less than 0.001 A.

efficiency. A wavelength-dependent spherical absorption cor-  The gross molecular structure, determined by spherical atom
rection was applied using cross sections from Sédos the refinements of the X-ray data, is unsurprising and the non-
non-hydrogen atoms and from Howard e¥%for the hydrogen  hydrogenous structure remains relatively invariant with tem-
atoms. Symmetry-related reflections were not averaged sinceperature. Relevant structural parameters are given in Table 3.
different extinction factors are applicable to reflections measured A representative structure of the asymmetric unit is shown in
at different wavelengths. The GSAS software package was usedrigure 3a, with the corresponding packing diagram in Figure
for structural analysi$? The atomic positions of the X-ray  3p The latter shows the orientation of the four molecules that
diffraction structure were used as a starting point in the are contained in the unit cell. It is notable that the packing
refinement. All atoms including hydrogen atoms were refined gegregates the more polar parts and less polar parts of the
with anisotropic thermal parameters. The refinement used 313 complex; the polar portions, consisting of tNeoxide and the

variables and converged Ry(F?) = 0.092 andR(F?) = 0.151.  phygrogen bound formic acid, are mutually anti to each other
Data collection and refinement parameters are summarized iNgcross the sheet composed of less polar cages.

Table 1. A compilation of the lattice parameters for both the

. Hydrogen Bond Structure. UrotropineN-oxide has four
ir:]eflj_gglr;dzata and the variable temperature X-ray data are foundpotential sites at which hydrogen bonding may occur: there is

one electronegative oxygen atom and three tertiary amines which
may act as potential strong hydrogen bond acceptors. Examina-
tion of extended contacts in the unit cell using Meré&#§
Molecular and Crystal Structure. The symmetry of free  revealed that the only substantial interaction was the short, strong
urotropineN-oxide is Cs,, and therefore the carbemitrogen ~ hydrogen bond present between the urotropifexide and the
bond lengths are no longer equivalent. The carbuitrogen formate residue. The observed hydrogen bond in this case is to
bond lengths adjacent to tiéoxide portion are considerably ~the N-oxide O atom, with a short oxygeroxygen distance
lengthened compared to the carbaritrogen bond distances — 'anging from 2.4300(10) A to 2.4469(10) A based on the X-ray
which are further removed from the charge-separated segmengdata and 2.428(7) A in the neutron data at 123 K. This lies
of the molecul&26367The three nitrogencarbon bond distances ~ Well within the standard definition for a short very strong
(for the nitrogen atom of thil-oxide portion) are elongated to ~ hydrogen bond] which is defined as one where the-@ lies
an average distance of 1.5411(18) and 1.5249(13) A for the in the range 2.22.5 A.
room temperature and 123 K X-ray diffraction study, respec-  In addition to the “very strong” hydrogen bond between the
tively. The remaining nitrogencarbon bond distances are oxygen atom of th&-oxide, O1, and the oxygen atom, O2, of
similar to those of free urotropind-oxide [1.441(2) and 1.473-  the formate segment, there are three other hydrogen bonds

3. Results
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Figure 3. Molecular structure of urotropin®-oxide-formic acid at 123 K (a) and packing diagram ).

present in this system. Each of the three tertiary amines formsis complicated by the uncertainty introduced by the nature of
a hydrogen bond to an adjacent molecule, which may be the density representing this hydrogen atom.

classified as a “weak” hydrogen bofitlwith N+--H bond Analysis of the neutron diffraction data at 123 K revealed
distances ranging from 2.68 to 2.8%&8&However, itis notable  the position of the proton associated with the hydrogen atom
that the van der Waals sum for-NH is 2.75 A8 and it may in the hydrogen bond: the distances between the proton position
therefore be more appropriate to classify the-N interaction and the two oxygen atoms argio; = 1.221(7) A andry,0, =
as a hydrogen bridgé:87:89 1.211(7) A, with a bond angl&o,n,0, = 173.3(6}.

Nuclear Structure of the Hydrogen Bond. The results of The relative invariance of the hydrogen atom position with

the neutron diffraction experiment at 123 K reveal the nuclear temperature is also borne out by the trends in the other bond
position of the H atom associated with the hydrogen bond. The lengths in the system. For example, there is also a considerable
proton is located 1.221(7) A from the oxygen atom of the change in the bond distances of the formic acid segment, which
N-oxide segment of the molecule and 1.211(7) A from O2 of tend to increase as the temperature is lowered (possibly partly

the formate segment, with an ©H1—-02 angle of 173.3(6) due to thermal parameter effects) and do not show a pattern
Therefore, within the errors associated with the experiment, this consistent with transfer of the proton across the hydrogen bond.
results in a short symmetric hydrogen bond. At room temperature, the carbeonxygen double bond is
1.2107(19) A and the €0 single bond is 1.263(2) A. These
Discussion bond distances are in accord with earlier studies of urotropine-

N-oxide-formic acid as well as with studies of free formic acid

It has recently been shown that direct imaging of hydrogen as seen in a search of the Cambridge Structural Database
density from X-ray diffraction experiments can be more reliable (CSD)5263As the temperature of the diffraction experiment was
than parameters determined from refinemé&afs; this is lowered to 148 K, the carberoxygen bond distances in the
particularly true in the case of elongated or highly anisotropic formic acid segment of the structure were both found to
density as observed in this system. However, our multiple lengthen. The carberoxygen that is formally considered a
temperature study, and the apparent invariance of the shape andingle bond is 1.2818(15) A, while the double bond is 1.2252-
position of the difference Fourier peak representing the electron (15) A, and a comparison of the bond lengths in the formate
density associated with H1, allows us to conclude that in this segment of the molecule are shown in Figure 5. These distances
system the hydrogen atom is strongly perturbed toward a are closely related to a formic acid fragment which is hydrogen
position close to the center of the @D vector and its position  bound to another specié%3
appears invariant (within the accuracy of the X-ray data) as a At 123 K, the heavy atom positions and the bond lengths
function of temperature. This is a significant observation, derived from the data show a strong correlation between the
particularly in light of several recent reports of migration of X-ray and neutron data. However, there is not a strong
the H atom in such casé$2°3233the nature of the hydrogen  correlation for the H atom. Given the experimental data, it may
bond in urotropineN-oxide-formic acid is robust toward such  be assumed that the correlation of the heavy atom holds true at
effects. all temperatures. The carbeonxygen bonds in the formate

The distribution of electron density in the Fourier difference segment do not show any evidence of struct@iesr 2c shown
maps in Figure 4 (calculated in the absence of H1 from the in Figure 2. We note that, in the presence of a short, strong
model) in the region of the short, strong hydrogen bond shows hydrogen bond, a similar lack of correlation in the carbon
elongation of the density along the ©02 vector, commonly oxygen bond lengths has been observed in other compounds
observed in short, strong hydrogen bonds. As seen in the Fouriewhere H atom transfer is observ&dThere is no distinct
maps, the maximum in the electron density associated with the difference in the two carbenoxygen distances, which is to be
hydrogen bond is located approximately 1.16 A from the formate expected from a valence bond description of the molecule. Also,
segment of the molecule, representing a significant elongationthe C-O bond lengths in the formate segment vary with
of the O-H “covalent” bond, where the electron density is temperature, which is unrelated to any structural change in the
distributed between O and H over a length-ef A, and is hydrogen bond. This indicates a resonance structure between
indicative of a centered proton which is frequently observed in 2aand2d in Figure 2. Therefore, one cannot make assertions
short hydrogen bonded systems. However, this distribution is about the hydrogen bond based solely on heavy atom positions
broad and full quantification of the-©H distances in this system  and bond lengths.
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Figure 5. Comparison of the variation of-©0 and C=0 bond lengths

corresponds more directly to urotropifhkeexide-formic acid
than does the average bond length for a typi¢alxide system.
Once again the relative invariance of this-® distance with
temperature supports the stability of the “partly transferred”
proton in this hydrogen bonding system.

For a comparative study of the bond lengths in the formic
acid segment of the structure, single-crystal X-ray diffraction
data were collected for rubidium hydrogen formate at 173 K
using the data collection strategy as described above for
urotropineN-oxide-formic acid. There is a considerable amount
of hydrogen bonding present in the solid-state structure of this
material. The hydrogen bonds exist between two formic acid
segments, with an oxygeroxygen distance of 2.4360(13) A.

In the crystal structure, rubidium is 8-coordinate, with bond
distances to the oxygen atoms of the formate ranging from

of the formate segment by neutron diffraction and variable temperature 2.8853(13) to 3.1556(12) A. The bond distances for thelC

X-ray diffraction experiments.

The partial “transfer” of the proton to the center of the short
hydrogen bond, indicated by the difference Fourier maps, is
supported by analysis of the-ND bond distance in the system.
This is considerably longer than in free urotropiNesxide
(1.363 A) and slightly longer than previously known urotropine-
N-oxide hydrogen bonded systems (1.380391 A) as seen in
a search of the CSP#.63The formation of a significant bonding
interaction with the partly transferred proton withdraws electron
density from the N-O bond, weakening the strength of the bond

single and double bonds were found to be 1.272(2) and 1.2269-
(19) A, respectively. These distances are similar to those found
at the same temperature in urotropiexide-formic acid,
1.2778(15) and 1.2206(15) A. Accordingly, the-Q—0O angle

in rubidium formate, 125.06(15%)is only slightly smaller than

that in urotropineN-oxideformic acid [125.55(12). The
lengthened bond distances demonstrate the strengthening of the
hydrogen bond present between formic acid and urotroNine-
oxide as well as the migration of the electron density associated
with the proton position as the temperature is lowered.

and therefore increasing the bond length. The average bond An anisotropic displacement parameter (ADP) may be defined

distance for the NO bond in hydroxylammonium cations, as

as “the second moment of atomic probability distribution

seen in a search of the Cambridge Structural Database, is 1.417function” %2 This, in essence, describes the average displacement

(2) A, with a range from 1.396 to 1.436 &3 This bond length

of atoms in crystals from the mean atomic positions in the Bragg
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TABLE 4: Anisotropic Displacement Parameter Tensors for H1 from Neutron and X-ray Diffraction Data’®2

Ull U12 U13 U22 U23 U33 Uaniso
0.043(4) 0.0035(24) 0.0048(29) 0.0201(29) 0.0013(25) 0.028(4) 0.03032 H1 neutron
0.151(22) 0.031(13) 0.051(14) 0.038(11) 0.018(8) 0.047(13) 0.08263 H1 X-ray

aThe averagéJanso for the H atoms in the urotropine cage is 0.034C%4(Aeutron data).
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data for the hydrogen bonded H atom, H1. Figure 8. Comparison of X-ray and neutron data at 123 K: (a) X-ray

. . . . data with anisotropic refinement of H1 using GSASb) X-ray data
average. Figure 7 depicts the variatiorlls, with temperature it jsotropic refinement from SHELXTE# (c) neutron data with
for the X-ray data, as well as a comparison of the neutron data, anisotropic refinement of all H atoms from GSAS. Thermal ellipsoids
for the atoms that are most affected by the presence of theare drawn at the 50% probablility level using POV-Ray.
hydrogen bond, namely N1, O1, and O2. In comparing the
neutron and X-ray data at 123 K, it is notable that there is very clearly differ. In the refinement of neutron diffraction data, the
little difference inUeq for any of these atoms, the difference ADPs of the proton position associated with the hydrogen bond
being approximately 0.001 2A The major difference in the  are consistent with the average displacement over the thermally
thermal parameters between the neutron and X-ray data is bespopulated normal coordinates and lattice modes, and in this
shown in Figure 7, which represents H1, the hydrogen bondedrespect the ADPs of the proton are not anomalous when
H atom. Table 4 shows the anisotropic thermal parameter tensorcompared to the other atomic ADPs in the crystal. Therefore,
componentsiJ;* andU;N, of H1 extracted from the refinement  given the broad distribution of electron density associated with
of the X-ray and neutron data, respectively, and it shows the the hydrogen bond, the use of ADPs to refine the structural
difference in ADPsWiso for X-ray data,Uanisofor neutron data) parameters of the electron density associated with the hydrogen
between the two sets of experiments. For a hydrogen atom, thebond is clearly not in accord with the definition of the ADP.
valence electron density is also the core electron density, whichThe neutron diffraction refinement of the-®—0O positions
leads to the diminished correlation between the distributions of and ADPs effectively define the nuclear potential in which the
nuclear and electron densities. From Figures 5 and 6 it is clearfour electrons associated with the hydrogen bond are confined.
that the description of isotropic displacement parameters for the From inspection of the ADPs associated with the nuclear
hydrogen atom from X-ray data is inadequate. Though results potential, it is clear that the motions of the atoms are smaller in
from the X-ray and neutron diffraction experiments showed very magnitude than have been interpreted from the refined ADPs
similar positional parameters for H1 in that the position of for the “H atom” associated with the hydrogen bond. It is
maximum electron density from the X-ray data corresponds well therefore clear that parametrization of structural parameters of
to the position of the proton in the neutron data, the ADPs the distribution of electron density using ADPs is not physically
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realistic within the structural definition of the ADP. Moreover, ((9% Soper, A. K,; Ricr?i, M. A.Pr:jys. Re. Lett.200Q 84, 2881-2884.
it « i n i 10) Soper, A. KJ. Phys.: Condens. Matter996 8, 9263-9267.
!t Isddear that 3 Stangarﬂ. Sg.hef'bca'. atom and ADP mOdelr:s (11) Tromp, R. H.; Postorino, P.; Neilson, G. W.; Ricci, G. W.; Ricci,
inadequate to describe this distribution. However, we note that \y ‘A" soper, A. K.J. Chem. Phys1994 101, 6210-6215.
the Bragg scattering experiment is a priori an elastic experiment  (12) Ricci, M. A.; Nardone, M.; Ricci, F. P.; Andreani, C.; Soper, A.
and contains no dynamic information about the system. K. (Jis()?h&ml_- PhY§19E958102 765%7365%' o E- Urauidi 3T

: : . PR : . : - ClLain, S. E.; Benmore, C. J.; Slewenle, J. E.; Urquidl, J.; lurner,

Given the physical gm_blgu_ny implied in using A_DP_s todefine ; ¢ C.Angew. Chem., Int. ER004 43, 1952-1955.

the structure of the distribution of electron density in a system (14 Pfleiderer, T.; Waldner, I.; Bertagnolli, H.; Todheide, K.; Fischer,
in which there is a poor correlation between the nuclear and H. E. J. Chem. Phys200Q 113 3690-3696. _
core electron density distributions, it is clear that direct imaging , l(vllc?l) Eﬁrg”l‘ggé"gg '31%%91’_5'1-3%?7':’”'95’ J. G.; Holloway, J. H.; Chieux,
of electron density via a Fourier synthesis gives good qualitative " * (16) De);ir'aju’ G. RACC. Chem. Re002 35, 565-573.
information in this case. We note that more advanced aspherical

(17) Desiraju, G. RDalton 200Q 3745-3751.
methods are available which will allow a more precise quantita- _ (18) Holman, K. T.; Pivovar, A. M.; Swift, J. A.; Ward, M. DAcc.
tive description in these cases.

Chem. Res2001, 34, 107-118.
. . . . . (19) Nangia, A.; Desiraju, G. RActa Crystallogr., Sect. A: Found.

Th_e re_sults of spherical atom refinements using a_nlso_trop|c Crystallogr. 199§ A54, 934-944.
atomic displacement parameters to model the distribution of (20) Subramanian, S.; Zaworotko, M.Goord. Chem. Re 1994 137,

lectron density in the bond are shown in Figur her 357401
electron density in the bond are sho gure 8a, together=> ) "0 eroy, C. B.: Seddon, K. Rchem. Soc. Re 1993 22, 397—
with an isotropic refinement of the electron density (Figure 8b) 447
and the result of the neutron diffraction experiment (Figure 8c).  (22) Wozniak, K.; Mallinson, P. R.; Smith, G. T.; Wilson, C. C.; Grech,
E. J. Phys. Org. ChenR003 16, 764-771.

(23) Wilson, C. C.; Goeta, A. Angew. Chem., Int. EQ004 43, 2095~
2099.

The proton in the short, strong hydrogen bond:+(O (24) Mallinson, P. R.; Smith, G. T.; Wilson, C. C.; Grech, E.; Wozniak,
K. J. Am. Chem. So@003 125 4259-4270.

separation~2.44 A) in the molecular complex urotropiré- (25) Wilson, C. C.: Morrison, C. AChem. Phys. Let@002 362, 85—
oxideformic acid is partly transferred to the center of the gg,
hydrogen bond. The position of maximum density associated 226; Wi:son, C. C.Nﬁw J. Cr?emZOOZ 26, 1733-1739.

; i indi 27) Wilson, C. C.Chem. Phys. LetR001, 335 57—63.
W.Ith the hydrOg.en atom in the_hydrogen bondf |nd|_cated .by (28) Wilson, C. C.Acta Crystallogr., Sect. B: Struct. S@001, B57,
difference Fourier syntheses, is found to be invariant with 435 439
temperature in the range 12298 K. This invariance is a (29) Wilson, C. C.; Shankland, K.; Shankland, &.Kristallogr. 2001,
significant indication of the stability of this hydrogen bond with 216 303—?;06- - shankiand. N Fl - .
respect to variations in temperature, in contrast to recent 195%0)252";'8;‘;%7& Shankland, N.; Florence, A.Chem. Phys. Lett.
observations of prqton migration in se.veral similar hydrogen (31) wilson, C. C.; Shankland, N.; Florence, A. . Chem. Soc.,
bonded systems. It is clear that trends in bond lengths betweenFaraday Trans1996 92, 5051-5057.
heavy atoms is not necessarily a good indicator of hydrogen , (32) Steiner, T.; Majerz 1.; Wilson, C. Gngew. Chem., Int. EE001
atom behavior. The subtle interplay of intra- and intermolecular "~(33) parkin, A.; Harte, S. M.; Goeta, A. E.; Wilson, C.]ew J. Chem.
forces and lattice effects clearly mitigates in this case against 2004 28, 718-721.

motion of the proton along the bond. (34) Bader, R. F. WAtoms Molecules: A Quantum Thep@xford
University Press: Oxford, UK, 1994,
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