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The use of crystal vibrational modes and frequencies calculated for the periodic system to complement a
Translation Libration Screw (TLS) fit in the estimation of anisotropic displacement parameters (ADPs) of
hydrogen atoms in molecular crystals is proposed. As a test case we have used the para-nitroaniline crys-
tal, for which a reference set of ADPs has been obtained by performing a single crystal neutron diffraction
study at 100 K. Although the largest difference between estimated and experimental reference values
amounts to 0.06 Å2, this value being about six times the experimental uncertainty, the agreement is bet-
ter than three experimental uncertainties for 33 out of the total of 36 ADPs. The performance of the sug-
gested method, particularly for the amino atoms, is thoroughly analyzed.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Organic molecules containing donor and acceptor groups linked
through a p-electron system have long been of interest to research-
ers and materials developers for their applications within the areas
of electronics and photonics [1]. para-Nitroaniline (pNA) is a proto-
type for charge-transfer molecules. It has served as an important
test system for experimental and theoretical investigations of
molecular properties and is a recurrent source for new studies
(see for example Ref. [2]).

The interpretation of many of these studies relies on the correct
assignment of the molecule’s fundamental state. To the best of our
knowledge, charge density studies provide the most direct way to
obtain detailed quantitative information on the electron density of
molecular crystals from experimental data. In such studies, a mul-
tipole model is fitted against high resolution X-ray diffraction data
[3]. While detailed charge density studies at 100 K have been pub-
lished for meta-nitroniline (mNA) [4], 2-methyl-4-nitroaniline
(2M4NA) [5], and 2-methyl-5-nitroaniline (2M5NA) [6], only frag-
mentary information from a study at 20 K can be found in the
literature for pNA [7]. With the aim of improving the knowledge
of molecular aggregation and the sources of the centric or non-cen-
tric character of the aggregates we are interested in charge density
analysis at 100 K of a series as extended as possible of primary
nitroanilines. The atom-centered nature of the involved multipole
formalism makes necessary an adequate deconvolution from nu-
clear motions, whose effect enters the model through the mean
square displacement parameters. While anisotropic displacement
parameters (ADPs) can reliably be fitted for heavy atoms, hydrogen
atoms pose a challenge due to the lack of information about them
in the X-ray diffraction data.

Although neutron diffraction is by far the preferred source of H-
atoms ADPs, less expensive alternatives to obtain adequate estima-
tions for these parameters have been contemplated. In a recent pa-
per [8], different estimation methods are reviewed and some
improvements are proposed. In the present study both approaches
have been used for the para-nitroaniline crystal. Experimental val-
ues have been obtained by performing a single crystal neutron dif-
fraction study at 100 K. The estimation has been undertaken by
using a method in which, for the first time,3 crystal vibrational
modes and frequencies are used in conjunction with TLS fit of X-
ray data. Using the neutron diffraction results as a reference, the
periodic
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conclusions of an exhaustive analysis of the performance of the sug-
gested method, particularly as regards the amino hydrogen atoms,
are presented. The pros and cons with respect to other available
methods are discussed.
Fig. 1. 75% probability ellipsoid representation of the pNA molecule from neutron
diffraction data. Atom numbering scheme is also shown.
2. Experimental

pNA purchased from a commercial source (Sigma Aldrich) was
crystallized by evaporation of a solution in methanol at room tem-
perature. A single crystal with well defined faces and approximate
dimensions 1 � 2 � 3 mm3 was used to collect monochromatic
neutron diffraction data at 100 K. The crystal was mounted on a
Displex cryorefrigerator on the ILL thermal-beam diffractometer
D19 [9]. Four data sets in the ranges 5�–13�, 3�–29�, 6�–46� and
23�–63� in h were recorded. Each set corresponds to one of the sin-
gle microstrip and three multiwire flat square position-sensitive
3He detectors which subtend 15.3� and 20.4�, respectively, at the
sample. Data reduction was carried out using the Retreat [10]
and Rafd19 programs [11]. Neutron attenuation by the crystal
and the cryorefrigerator vacuum and heat shields was corrected
by Gaussian integration [12] using the programs D19abs and Ab-
scan based on the Cambridge Crystallography Subroutine Library
[13]. With the coordinates from the X-ray structure determination
of Tonogaki et al. [14] as a starting point, atomic coordinates and
anisotropic displacement parameters for all atoms were refined
Table 1
Experimental Details of the neutron diffraction study.

Crystal data
Chemical formula C6H6N2O2

Chemical formula weight 138
Cell setting Monoclinic
Space group P21/n
a, b, c (Å), b (�) 8.4774(2) 6.0490(1) 12.1040(3) 92.892(1)
V (Å3) 619.90(2)
Z 4

Radiation type Neutron
Wavelength (Å) 0.95633 (8)
Absorption coeff. l (mm�1) 0.1520
Temperature (K) 100
Crystal form Irregular prism
Crystal size (mm) 3 � 2 � 1
Crystal color Orange

Data collection
Radiation source ILL
Diffractometer D19
N� of observations 7877
N� of observations, I > 2rI 6011
N� of unique reflections 3633
Rint, Rsigma (%) 3.5, 4.8
hmax 63�
Range of h, k, l �6 6 h 6 15, �10 6 k 6 1, �22 6 l 6 20

Absorption correction Analytic
Tmin, Tmax 0.751, 0.880

Structure refinement
Refinement on F2 > 2r(F2)
Weighting scheme 1/[r(F2

o )2 + (0.0232 � P)2 + 6.37 � P]
Where P = (max

(F2
o ,0) + 2 � F2

c )/3
Nparam 149
R[F2 > 2r(F2)], R[all data],

wR(F2) (%)
4.8, 7.1, 11.4

Goodness of Fit S 1.10
Extinction model Empiricala

Extinction coefficient (rad�1) 0.0112 (2)
Source of neutron scattering

lengths
Int. Tables for crystallography (2006) Vol. C,
Table 4.4.4.1

a The calculated structure factor FC is multiplied by [1 + 0.001xF2
Cr3/sin(2h)]�1/4,

where x is the refined parameter.
against F2 for all data, using SHELXL97 software [15], together with
four scale factors and the extinction parameter of the model imple-
mented in SHELXL97. The recommended weighting scheme was
used; refined parameters do not change within 3 esd if statistical
weights are used instead, in which case the goodness of fit is
2.07 (see Table 1).

Crystal data, detailed information on the diffraction experiment,
data reduction and structure refinement are collected in Table 1.
The experimental molecular conformation and atom labels are
shown in Fig. 1.
3. Calculations

Periodic calculations (PC) were performed with CRYSTAL09 pro-
gram [17] using the B3LYP hybrid method with the 6-31G⁄⁄ basis
set. Shrinking factors equal to 4 were used for both, the Pack–
Monkhorst and Gilat nets. Default criteria were used as regards
accuracy and SCF convergence. Atomic positions were optimized
keeping the cell parameters at their experimental values (see Ta-
ble 1). Default optimization criteria were also used in this case.
Vibrational frequencies at the C point [18] were then calculated
for the optimized geometry.

Calculations on the isolated molecule were performed with
Gaussian 03 [19], using the B3LYP hybrid method with the 6-
31G⁄⁄ basis set and default convergence criteria for SCF and geom-
etry optimization.

The choice of the level of theory, in particular for periodic calcu-
lations, deserves some specific considerations. Taking as a refer-
ence molecular geometry optimizations at different levels, it can
be concluded that pyramidality of the amino group is sensibly lar-
ger in the isolated pNa molecule than in its experimental crystal
counterpart. On this basis, the good agreement with experiment
of the geometry of the amino group in the crystal optimized geom-
etry can be taken as an indicator of the goodness of the B3LYP/6-
31G⁄⁄ level of theory to account not only for the intermolecular
interactions but also, and more important, for the crystal field.
On the basis of molecular calculations we have in fact verified that
in the single molecule the degree of pyramidalization of the amino
group can be controlled by applying suitable uniform electric fields
of the same order of magnitude of the mean crystal one. On the
other hand, only little changes in the amino group geometry are
observed when the empirical GRIMME correction [20] is included,
a fact that would rule out any significant influence of dispersive
interactions. It is also worth mentioning that the inclusion of cell
parameters in the optimization – either with or without GRIMME
correction – does not lead to significant changes in the amino
group geometry, though only in the first case a reasonable agree-
ment with experimental values of the cell parameters can be ob-
tained by using a suitable scale factor.



Table 2
pNA Bond lengths (Å). Standard deviations in parenthesis.

Experimental optmized

Crystal Monomer

O1 N2 1.245(1) 1.252 1.234
O2 N2 1.236(1) 1.243
N1 C1 1.359(1) 1.349 1.394
N2 C4 1.436(1) 1.421 1.463
C1 C2 1.417(1) 1.423 1.405
C1 C6 1.417(1) 1.423
C2 C3 1.382(1) 1.375 1.389
C5 C6 1.383(1) 1.379
C3 C4 1.401(1) 1.408 1.392
C4 C5 1.401(1) 1.407
N1 H11 0.994(2) 1.010 1.009
N1 H12 1.011(2) 1.012
C2 H2 1.083(2) 1.083 1.084
C6 H6 1.084(2) 1.083
C3 H3 1.080(2) 1.080 1.080
C5 H5 1.083(2) 1.082

Table 3
Intermolecular X–H� � �O contacts from neutron diffraction data. Standard deviations
in parenthesis.

H� � �O (Å) X� � �O (Å) X–H� � �O (�)

I N1–H12� � �O1i 2.030(2) 3.038(1) 174.8(2)
II N1–H11� � �O2ii 2.247(2) 3.086(1) 141.2(2)
III C2–H2� � �O2i 2.606(2) 3.412(1) 130.7(2)
IV C3–H3� � �O1iii 2.384(2) 3.248(1) 136.0(2)
V C5–H5� � �O2iv 2.655(2) 3.480(1) 132.6(2)

i: �0.5 + x, 1.5 � y, 0.5 + z; ii: �0.5 + x, 0.5 � y, 0.5 + z; iii: 1 � x, 2 � y, �z; iv: 2 � x,
1 � y, �z.
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3.1. Estimation of the ADPs of hydrogen atoms

In most methods to estimate H atom ADPs that rely on informa-
tion extracted from a theoretical model to supplement X ray dif-
fraction data, the ADP for atom Hn is obtained as the sum of two
terms:

UijðHnÞ � UijðHn; TLSðexpÞÞ þ DUijðHn; modelÞ ð1Þ

The first term is the result of the extrapolation of a TLS model
[21] (possibly a segmented one) fit to the experimentally deter-
mined heavy atom ADPs. The TLS model describes the mean
squared displacements of a set of nuclei under the assumption that
they are part of a rigid body. This is done by means of three tensors,
the components of which (twenty independent parameters alto-
gether) can be linearly fit to the nuclear ADPs once the equilibrium
coordinates are known. The second term, which can conveniently
referred to as an estimation of the residual Hn atom ADP [22] is cal-
culated from the normal modes of a theoretical model.

Methods differ among themselves in the model employed, but
also in the way vibrational information is taken into account in
the estimation of the residual ADPs. In the present work a periodic
model is used and residual ADPs are estimated as

DUijðHn; modelÞ � UijðHn; modelÞ � UijðHn; TLSðmodelÞÞ ð2Þ

Although probably not evident at first sight, the procedure out-
lined above should be equivalent to the so called TLS + ONIOM
method [23]. As pointed out in the introduction, however,
improvement with respect to that proposal could in principle be
expected if vibrational information obtained from periodic calcula-
tions was used. We will borrow that acronym and refer to the pres-
ent implementation as TLS + CRY.

Using the program CRYSTAL09 [17] it is possible, in principle, to
characterize the complete set of normal modes (phonons) of a peri-
odic model system. That means the calculation of the eigenvalues
Xk(q) and eigenvectors hk(q) of the dynamical matrix D(q) for a set,
as complete as wished, of NC values of the wavevector q in the re-
ciprocal unit cell. With that information at hand, the model ADPs
for the model crystal in statistical equilibrium at the temperature
T would be obtained as

UC
ijðnÞ ¼

1
NC

X
q

X
k

UC
ijðn; kqÞ ð3Þ

where

UC
ijðn; kqÞ ¼ ð�h=2mnXkðqÞÞcothð�hXkðqÞ=2TÞhiðn; kqÞh�j ðn; kqÞ ð4Þ

Due to the high computational cost of such a kind of calculation
– which implies the reduction of the symmetry by means of the use
of a supercell–, its use as part of a method for estimating H atom
ADPs can hardly be justified. But even if only results obtained for
the C point were used, some non minor advantages with respect
to the ONIOM approach are to be expected. On the one hand, the
exploitation of the full crystal symmetry allows intermolecular
interactions to be much more realistically taken into account at a
reasonable computational expense. Moreover, results will be free
from any effect concerning the conditional convergence of the elec-
tric field inside a polar medium as a function of the cluster size and
shape. On the other hand, the restriction of a rigid environment for
the sample molecule is relaxed, a fact that should be expected to
lead to an improvement in the description of the correlation be-
tween the intramolecular (internal) distortions and the overall
(external) molecular motion.

In this no-dispersion approximation, model ADPs are computed
solely from the q = 0 phonons. Formally, the dependence of D on q
is neglected, and as a consequence Xk(q) �Xk(0) and H(q) �H(0).
This approximation is expected to be a reasonable one for the
highest frequency bands in molecular crystals, but in this context
it is clearly invalid for the acoustic ones, for which Xk is exactly
zero at q = 0. Since the contribution of mode kq to UC(n) (Eq. (5))
diverges as Xk(q)�2 when Xk(q) approaches zero (Eq. (5)), acoustic
branches must be entirely excluded in this approach. Under these
circumstances, with k = 1,2,3 labeling the acoustic branches, Eq.
(3) becomes:

UC
ijðn; modelÞ ¼

X
k>3

UC
ijðn; k0Þ ð5Þ
4. Results and discussion

4.1. para-Nitroaniline neutron diffraction

Bond lengths obtained from neutron diffraction data and from
geometry optimizations performed on the crystal and on the iso-
lated molecule are collected in Table 2. Experimental and opti-
mized atomic coordinates, intramolecular bond angles, torsion
angles and atomic distances from the six-membered aromatic
can be found in the supplementary material.

The crystal structure of pNA (monoclinic P21/n) has been de-
scribed by Panunto et al. [24] in terms of polar chains generated
by an N–H� � �O hydrogen bond (N1–H12� � �O1i, see Table 6) that
connects molecules related by a glide operation. Chains are ar-
ranged into polar layers by a second, longer and less directional
N–H� � �O interaction (N1–H11� � �O2ii), and layers are packed cen-
trosymmetrically. This description is not altered in its main fea-
tures in the light of the present results.

As regards the neutron diffraction values, the most interesting
result is the difference between the two N–O bond lengths
(0.009 Å), the N2–O1 being the largest. This fact is consistent with



Table 6
Experimental (exp) and theoretical (cry) mean values of the diagonal residual MSDT
components (10�4 Å2) of the aromatic hydrogens in the local axial systems (first and
third lines) and the maximum deviations from those means (second and fourth lines).

6C–N2 N1–6C–N2 N1–6C

DUAA DUBB DUCC DUAA DUBB DUCC DUAA DUBB DUCC

exp 44 157 218 43 159 185 42 166 147
9 16 31 9 17 46 10 19 33

cry 49 146 207 49 144 180 49 140 150
1 5 18 1 6 16 1 6 18

Table 4
Experimental ADPs (10�4 Å2) (first line) and their TLS + CRY estimations using the
N1–6C–N2 fragment for the TLS fit (second line). Standard deviations in parenthesis.

U11 U22 U33 U12 U13 U23 S q

H11 498(11) 272(7) 414(10) 18(8) 100(8) 126(7)
469 318 427 35 111 146 0.20 3.3

H12 343(8) 399(9) 345(8) 28(7) 148(6) 48(7)
326 403 334 29 131 33 0.06 1.8

H2 300(7) 395(9) 347(8) 108(7) 141(6) 6(7)
310 351 364 103 143 18 0.15 2.4

H3 358(8) 227(6) 349(8) 91(6) 60(6) 48(6)
345 228 342 83 62 60 0.05 1.2

H5 317(8) 317(7) 368(8) 125(7) 126(6) 5(7)
321 300 343 110 109 -4 0.12 2.2

H6 397(9) 209(6) 364(8) 61(6) 47(6) 70(6)
393 226 370 69 49 78 0.04 1.4
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the relation between the N1–H12� � �O1 and N1–H11� � �O2 hydro-
gen bonds, the former being shorter and more directional. It is
worth noting that internal coordinates obtained from the crystal
geometry optimization lead to the same conclusions. Experimental
N2–O2 and N2–O1 bond lengths are both 0.007 Å shorter than
their counterparts in the crystal optimized geometry, differences
very well accounted for by the riding model corrections. The neu-
tron diffraction N2–O2 bond length is very similar to its isolated
molecule value, but there is a difference of 0.011 Å as regards
N2–O1, the experimental value being the largest. Experimental
values of the C–N bond lengths are underestimated in the crystal
geometry optimization (0.010 Å and 0.015 Å for N1–C1 and N2–
C4, respectively), while values obtained for the isolated molecule
are larger than the experimental ones (0.035 Å and 0.027 Å, for
N1–C1 and N2–C4, respectively). The differences in C–C bond
lengths between the three data sets are consistent with those de-
scribed for the C–N ones, since C1–C2 and C1–C6 decrease
0.018 Å and C2–C3 and C6–C5 increase 0.012 Å on the average, in
going from the isolated molecule to the optimized crystal
Table 5
Experimental (exp) and theoretical (cry) residual H atoms ADPs (10-4 Å2) according to the T
system of axes defined for each atom (see Fig. 3).

H11

DUAA DUBB DUCC DUBC DUCA

6C–N2 exp 16 169 312 26 �38
cry 47 159 309 �8 �1

N1–6C–N2 exp 19 172 192 24 �27
cry 44 156 212 �3 4

N1–6C exp 21 177 147 22 �26
cry 42 153 178 0 4

SHADE2a 51 138 200 0 0

H2

DUAA DUBB DUCC DUBC DUCA

6C–N2 exp 43 169 224 �10 �4
cry 49 142 225 4 �1

N1–6C–N2 exp 42 171 175 �16 �2
cry 49 138 184 2 �1

N1–6C exp 41 175 155 �19 �7
cry 49 135 168 0 �3

SHADE2a 47 146 232 0 0

H3

DUAA DUBB DUCC DUBC DUCA

6C–N2 exp 53 157 199 �16 �2
cry 48 148 191 �6 1

N1–6C–N2 exp 52 158 181 �14 �5
cry 49 145 177 �4 0

N1–6C exp 52 167 125 �5 �2
cry 49 140 135 �2 0

SHADE2a 47 146 232 0 0

a From Ref. [8].
structure, the experimental values being approximately midway.
It would seem that crystallization leads to a somewhat more
quinonoidal molecular geometry, an effect that appears overesti-
mated by the periodic geometry optimization.

The deviation of the molecule from a planar structure agrees
with the Trueblood et al. [25] and Tonogaki et al. reports [14].

The almost planar and slightly twisted geometry of the C–NH2

moiety is confirmed by the present results. Indeed, the N1–C1
bond departs 1.9(2)� from the N–H2 plane, the average acute tor-
sion C–C–N–H angle being 5.5(2)�. Values for these angles are
reproduced within 1� by the periodic optimization. The twisting
direction of the amino group is clearly determined by the location
of the acceptor O atoms of the hydrogen bonds (see Table 3).

4.2. ADPs of hydrogen atoms estimated with the TLS + CRY approach

ADPs of the hydrogen atoms estimated using the six carbon
atoms and two nitrogen atoms as the molecular fragment for the
TLS fit [26] (N1–6C–N2 fragment) are collected in Table 4, together
with the experimental values. For each atom, the percentage value
of the similarity index S12 introduced by Whitten and Spackman
[23] provides an overall comparison of estimated and experimental
mean squared displacement tensors (MSDT). The weighted root
mean square difference over the six independent ADPs
LS models fit to the fragments 6C–N2, N1–6C–N2 and N1–6C, each expressed in a local

H12

DUAB DUAA DUBB DUCC DUBC DUCA DUAB

�3 52 113 221 28 �14 �5
�5 52 135 167 18 �5 �10
�7 55 116 101 18 �7 �9
�2 48 132 71 12 �7 �7
�11 58 119 63 13 �6 �13
0 47 130 40 9 �8 �5
0 51 138 200 0 0 0

H6

DUAB DUAA DUBB DUCC DUBC DUCA DUAB

�14 42 141 199 6 �12 0
0 48 144 203 �1 2 0
�14 41 142 152 1 �10 �1
1 48 142 164 �3 3 1
�12 40 147 127 0 �15 1
0 48 139 146 �2 3 0
0 47 146 232 0 0 0

H5

DUAB DUAA DUBB DUCC DUBC DUCA DUAB

�5 37 162 249 �3 8 1
2 49 151 210 �1 �3 1
�6 36 163 231 �2 4 0
4 49 150 194 �2 �5 1
�4 35 174 180 4 6 3
2 50 146 152 0 �3 0
0 47 146 232 0 0 0



Fig. 2. Eigenvectors and eigenvalues (10�4 Å2) of the differences UEST � UEXP

corresponding to the data in Table 1. Solid and empty spikes and thin lines indicate
the eigenvectors corresponding to the maximum, minimum and medium eigen-

Table 7
N1 residual ADPs (10�4 Å2) after the TLS fit to the 6C–N2 fragment.a

DUAA DUBB DUCC DUAB DUCA DUBC

Isolatedmonomer 2 15 77 0 �2 0
ONIOM4Å �1 1 94 3 �3 �3
ONIOM6Å �1 1 237 5 1 4
ONIOM8Å �1 2 444 4 3 16
Periodicmodel 0 7 75 1 4 9
Experimental 6 �4 92 0 1 19

a Expressed in a local Cartesian system: A axis parallel to N1–C1, C axis per-
pendicular to the N1 C1 C6 plane.
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qðHÞ ¼ 1
6

X
i<j

UEXP
ij ðHÞ � UEST

ij ðHÞ
rEXP

ij ðHÞ

 !2
2
4

3
5

1
2

values, respectively.

Fig. 3. Cartesian local axial systems defined for the hydrogen atoms: bond directed
(A), in-plane (B) and out-of-plane (C) axes.
is also included in Table 4. In the expression above rEXP
ij ðHÞ is the

experimental estimated uncertainty (standard deviation) of
UEXP

ij ðHÞ. THMA14 [27] as implemented in the WinGX [28] package
of crystallographic programs was used for the TLS fits.

Out of the 36 individual ADPs, 33 are reproduced within three
times the experimental uncertainty, 22 of them being within twice
the uncertainty. The most poorly predicted parameters are
U22(H11), which is overestimated by 46 � 10�4 Å2 (six and a half
times the uncertainty), and U22(H2) and U33(H5), which are under-
estimated by 44 � 10�4 Å2 (about four times the uncertainty) and
25 � 10�4 Å2 (three times the uncertainty), respectively.

The comparison between an estimated MSDT and its experi-
mental (reference) counterpart can also be performed in terms of
the eigenvalues and eigenvectors of their difference when ex-
pressed in a cartesian axial system. Given a unitary vector whose
cartesian components are arranged in the column matrix n, and
the square matrix U that represents an atomic MSDT in that axial
system, the quantity n2(n) = ntUn represents the atomic mean
square displacement amplitude (MSDA) along n. Therefore, the
eigenvectors of the difference U1 - U2 indicate the directions for
which thedifference Dn2(n) = n2

1(n) � n2
2(n) between MSDAs is sta-

tionary with respect to the direction n. In particular, the eigenvec-
tor of UEST � UEXP corresponding to the largest magnitude
eigenvalue shows the direction in which the predicted MSDA dif-
fers most from the reference one. Eigenvectors for the H atoms
are schematically represented in Fig. 2, where eigenvalues are also
included. In the case of H2 the largest magnitude eigenvalue
(�47 � 10�4 Å2) is found in a direction forming 72� with the C2–
H2 bond and 19� with the ring mean plane (underestimation of
the in-plane bending amplitude). For H5 themaximum discrepancy
in MSDAs amounts to �41 � 10�4 Å2 and occurs in a direction
forming 77� with the C5–H5 bond and 77� with the ring plane
(underestimation of the out-of-plane bending amplitude).

It is to be noted that according to both experimental and theo-
retical data the atomic ADPs within the N1–6C–N2 fragment are
not satisfactorily described by the TLS model. The individual resid-
uals DUij for the involved atoms are consistent with the effect of an
Table 8
Electric field values in the 4 Å and 8 Å models (10�3 a.u.). Components in the inertial axia

ONIOM4 Å

E1 E2 E3

C1 9.91 �3.32 1.25
N1 11.06 �2.97 2.58
H11 15.93 �2.61 0.80
H12 8.63 �7.76 4.57
Mean 11.01 �2.73 0.72
Standard deviation 3.40 4.09 2.60
additional out-of-plane or inversion motion of N1 relative to the
6C–N2 skeleton. This is more clearly evidenced in the residual
MSDT of N1 after the TLS fit to the 6C–N2 fragment (see Table 4),
which has a component of 92 � 10�4 Å2 in the direction normal
to the molecular mean plane according to the experimental data,
and 75 � 10�4 Å2 according to the theoretical model. It should be
remarked that if the residual ADPs DUij(N1) after the TLS fit to
6C–N2 were equal in the theoretical and the experimental data,
then the estimated ADPs for the H atoms would be the same
whether N1 is included in the fragment or not, irrespective of the
magnitude of DUij(N1). Taking into account that this is not exactly
the case here, H atoms ADPs were also estimated using two other
fragments for the TLS fit: the six carbons and the amino nitrogen
(N1–6C), and the six carbons and the nitro nitrogen (6C–N2). Indi-
vidual Uij values differ from those in Table 4 at most in
14 � 10�4 Å2, amounting to 2.5 times the uncertainty in the corre-
sponding experimental value. No overall improvement is obtained.
In fact, with the 6C–N2 fragment, the agreement between esti-
mated and experimental ADPs worsens for the amino hydrogen
l system of the N1–6C–N2 fragment.

ONIOM8 Å

|E| E1 E2 E3 |E|

10.53 7.06 �0.77 �1.93 7.36
11.74 8.96 �0.04 �1.08 9.02
16.16 14.10 0.48 �1.29 14.17
12.47 6.70 �4.01 1.90 8.04
11.37 8.29 �0.49 �1.52 8.45

3.36 3.80 2.61



Fig. 4. Ellipsoid representation (90% probability) of the heavy atoms MSDT.
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atoms and slightly improves for the aromatic ones, and the con-
verse applies when N1–6C is used. In any case, the U22 components
of H2 and H11 remain poorly reproduced.

In contrast to the marginal sensitivity of the estimated ADPs to
the choice of the TLS fragment, the H atom residual ADPs show a
strong dependence, particularly those of the amino hydrogen
atoms. The experimental and theoretical values of the residual
MSDT components expressed in a local system of axes defined
individually for each atom (see Fig. 3) are gathered in Table 5, to-
gether with the values used by the SHADE2 web server [8] for esti-
mation of the ADPs of hydrogen atoms. The experimental values of
the out-of-plane components DUCC of H11 and H12 experience a
reduction of 120 � 10�4 Å2 when N1 is added to R–N2, and about
40 � 10�4 Å2 when N2 is excluded from N1–6C–N2. The remaining
components are less sensitive to the choice of the fragment. In the
case of the theoretical data, the smaller out-of-plane residual com-
ponent of N1 after the TLS fit to 6C–N2 leads to a less pronounced
dependence of DUCC with the choice of the TLS fragment, with
reductions of 95 � 10�4 Å2 and 30 � 10�4 Å2 in the sequence 6C–
N2 ? N1–6C–N2 ? N1–6C. Regarding the aromatic hydrogen
atoms, the residual out-of-plane components are reduced by about
70 � 104 Å2 in the experimental model and 60 � 10�4 Å2 in the
theoretical one when going from 6C–N2 to N1-6C, those of H2
and H6 being more sensitive to the inclusion of N1 in the TLS frag-
ment than to the removal of N2, and conversely for H3 and H5.

Interestingly, the residual ADPs of the two amino hydrogen
atoms are found not to be equal. Regardless of the fragment chosen
for the TLS fit, the experimental values for DUBB and DUCC of H12
are, respectively, about 55 � 10�4 Å2 and 90 � 10�4 Å2 smaller
than those of H11. Although the estimation of uncertainties for
these values is not straightforward, those differences are probably
significant, particularly the latter. They are qualitatively repro-
duced by the theoretical model, the difference between in-plane
components being about 25 � 10�4 Å2, smaller than the experi-
mental one, and that between out-of-plane components about
140 � 10�4 Å2, even larger than its experimental counterpart.
Regarding the aromatic hydrogen atoms the mean values of the
diagonal residual components are in reasonable agreement with
the values used by the SHADE2 web server [8] when the 6C–N2
fragment is used (see Table 6).
It is tempting to associate the small value of DUCC(H12) com-
pared to DUCC(H11) with the fact that in this structure H12 is in-
volved in a shorter and more directional H bond than H11 is.
This interpretation seems to be supported by the theoretical mod-
el, since DUCC(H12) is smaller than its experimental counterpart by
30 � 10�4 Å2, and the H12� � �O2 contact is shorter (1.925 Å vs.
2.030(2) Å).

Two issues can be remarked. In the first place, the observed dif-
ference between the residual MSDT of the amino hydrogen atoms
raises a warning against the use of an only set of ADPs for each
chemical type of hydrogen, since individuals within a given type
are usually in different environments in the crystal. It should be
mentioned that the statistical frequency of this situation in molec-
ular crystals is surely at the origin of the large rms deviations of the
amino hydrogen atom parameters in SHADE2 data base. Both
experimental and theoretical values for DUCC(H11) would be clo-
sely reproduced by the SHADE2 web server [8] if the N1–6C–N2
fragment was used, but in that case DUCC(H12) would be severely
overestimated. Moreover, the situation would be even worse if the
minimal N1–6C fragment was used, and this fact concerns the sec-
ond issue we would like to address here: the internal motion of the
amino nitrogen relative to the rest of the molecule.

Our first attempts to estimate the H atoms ADPs in the pNA
crystal structure were conducted following the finite, rigid envi-
ronment method proposed by Whitten and Spackman [23]. The
central molecule (high level subsystem in the ONIOM calculation)
was modeled at the B3LYP/6-31G⁄⁄, and its interaction with the
environment with the UFF force field supplemented with atomic
point charges. Atomic positions were extracted from the experi-
mental model, the environment being defined as the set of mole-
cules with at least one atom� � �atom distance from the central
one shorter than a given threshold D. Environments of three sizes
were tested, given by D = 4 Å (13 molecules), 6 Å (26 molecules)
and 8 Å (44 molecules). Atomic charges were adjusted so that they
best reproduce the values of the electric field at a grid of points
uniformly chosen on the Hirshfeld surface of the reference mole-
cule in the periodic model.

The MSDT of the amino nitrogen was found to depend strongly
on the size of the environment, as evidenced by the ellipsoid rep-
resentations in Fig. 4. As shown in Table 7, the N1 out-of-plane
residual diagonal component in the 4 Å model matches the exper-
imental one, but, rather unexpectedly, it grows dramatically as the
size of the environment is increased. Data for the isolated B3LYP/6-
31G⁄⁄ monomer are also included in the table, which shows that
the out-of-plane N1 residual MSDA with respect to the 6C–N2 frag-
ment is already appreciable in that model.

Since the UFF part of the external potential decays as r�6, the
sensitivity of the amino nitrogen ADPs to the details of the model
is most likely related to differences in the electrostatic potential
experienced by the central molecule in the three models. The val-
ues of the electric field components at the atomic positions of the
C–NH2 group, as well as the mean values over the sixteen atomic
positions and the corresponding standard deviations in the 4 Å
and 8 Å models are reported in Table 8. The difference between
the electric field in the 8 Å model and the 4 Å model one is almost
uniform over the atomic positions.
5. Conclusions

In the present paper, accurate positions and ADPs of hydrogen
atoms in the title compound determined from a neutron diffraction
study at 100 K are reported, as well as estimated values of the ADPs
resulting from a method (TLS + CRY) relying on a TLS fit and a
vibrational frequency calculation on the periodic system. We have
shown that in approaches of this kind an appropriate description of
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the electrostatic field acting on each molecule can be crucial for the
correct modeling of the amino vibrational properties. Despite the
present system being non polar, if a finite cluster of molecules is
used the resulting electrostatic field depends on the cluster size.
For polar systems, where the electric field calculated at points in-
side the crystal is only conditionally convergent as a series over
the contributions of the individual molecules, using finite clusters
of molecules, however large they are built, the resulting electric
field would lack any credibility. In this respect, assuming the elec-
tric field at positions inside a real crystal is truly described by the
Ewald field (summation for the infinite periodic system), the nor-
mal modes obtained from the periodic calculation should automat-
ically overcome the convergence problem, giving much more
confidence to the obtained results.

Finally, our results show that the vibrational behavior of amino
hydrogen atoms in a crystal may be sufficiently dependent on the
intermolecular interactions in which they are individually involved
so as to invalidate any attempt to model their ADPs if such depen-
dency is disregarded.

In summary, owing to its very reasonable benefits cost ratio we
think that in the lack of neutron diffraction data the estimation
method proposed here should become the preferred choice when
ADPs are to be used in a charge density study.
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