
Durham Research Online

Deposited in DRO:

28 January 2015

Version of attached �le:

Accepted Version

Peer-review status of attached �le:

Peer-reviewed

Citation for published item:

Ford, Samantha J. and McIntyre, Garry J. and Johnson, Mark R. and Evans, Ivana Radosavljevic (2013)
'Structure and dynamics studies of the short strong hydrogen bond in the 3,5-dinitrobenzoic acid-nicotinic
acid molecular complex.', CrystEngComm, 15 (37). pp. 7576-7582.

Further information on publisher's website:

http://dx.doi.org/10.1039/c3ce40874d

Publisher's copyright statement:

Additional information:

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in DRO

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971

http://dro.dur.ac.uk

http://www.dur.ac.uk
http://dx.doi.org/10.1039/c3ce40874d
http://dro.dur.ac.uk/14317/
http://dro.dur.ac.uk/policies/usepolicy.pdf
http://dro.dur.ac.uk


J

C

w
 

T

S

A
S

R
D5 

T
b
d
s
s10 

c
b
n
h
s15 

d
o
th

I
T20 

in
fu
b
a
s25 

in
m
d
a
130 

(B
p
a
o
In35 

e
f
s
O
o40 

a
p
c
o
is45 

m
is

Journal 

Cite this: DO

www.rsc.org

This journal is ©

Structure an

Acid - Nicot
Samantha J. 

Received (in XXX
DOI: 10.1039/b0

The molecular co
by variable temp
dynamics, in ord
tructural similar
tructures clearly

contrary to the pr
behaviour is cons
nitrogen atom in 
hopping across th
imulation time) 

dicarboxylic acid
of proton migrati
his phenomenon

Introduction 
The hydrogen b
nteractions in n

functional roles i
bonds are largely
are short strong
trongly covalen
nteresting phen

migration, prev
diffraction in a n
acid (UPA)1, 2, 4
1,2,3,4-tetracarbo
BTA-BPY)4, 3

pyridinium 2,4-
acid-3,5-dimethy
oxalic acid comp
nteresting proto

effect are found 
forms infinite tw
tabilised by a in

O bond of 2.57 Å
of 2.52 Å at 
approximately 0
pyridyl nitrogen 
carboxylic oxyge
of the isotopolog
sosymmetric p

migration of 0.32
s the largest obs

Name 

OI: 10.1039

g/xxxxxx 

© The Royal Soc

nd Dynami

tinic Acid M
Ford,a,b Gar

XX, XXX) Xth XX
000000x 

omplex between 
erature single cr
er to investigate
rities with the we
y indicate a signi
revious descripti
sistent with the d
nicotinic acid. C

he NHO short hy
bonded to the O

d show that MD 
ion, and therefor
n in short strong 

bond is one of
ature and, as su
in a diverse rang
y electrostatic in
g hydrogen bon
nt character. The
omena, such as

viously observe
number of comp
4-methylpyridine
oxylic acid 
,5-pyridine dic
-nitrobenzoate 
ylpyridine (35DB
plexes 10. 
n dynamics in S
in the four isoto

wo-dimensional s
ntermolecular hy
Å at 15 K, and a
15 K. The pr
.1 Å from an as
at 15 K to an a

en at 296 K. In 
gues of 35PDCA
phase transition
2 Å in d-35PDC
erved to-date in 

9/c0xx0000

ciety of Chemist

cs Studies o

Molecular Co
ry J. McInty

XXXXXXXX 20X

3,5-dinitrobenz
rystal X-ray and 
the dynamics an

ell-known proton
ificant degree of
ion of 35DBNA 
difference betwe
Complementary 
ydrogen bond, sp

O atom. Similar s
calculations cor

re suggest that th
hydrogen bonds

f the most imp
uch, has importa
ge of systems. Al
n nature, of grea
nds (SSHBs) w

e presence of SS
s temperature d
ed by single 
pounds including
e pentachloroph

4,4’-bipyridy
arboxylic acid 
(24PDNB)8, 3

BA-35DMP)9 an

SSHBs and a pro
opologues of 35P
sheets perpendic
ydrogen bonds; a

very short stron
roton in the 
symmetric posit
asymmetric posi

our recent com
A, we have found

n accompanies
CA; 7 the magnit

this class of com

00x 

try [year]

of the Shor

omplex 
yre,a,c Mark R

XX, Accepted X

zoic acid and nic
neutron diffract
nd any proton m
n migration mate

f proton transfer 
as an organic ad

een the pKa valu
ab-initio MD sim
pending short pe
simulations perfo
relate well with 

hey could be use
s.

portant chemica
ant structural an
lthough hydroge
at current intere
which possess 
SHBs can lead t
dependent proto

crystal neutro
g urea phosphori
henol (MP-PCP)
yl co-crysta

(35PDCA)5, 6,

3,5-dinitrobenzoi
nd dimethylurea

onounced isotop
PDCA.7 35PDCA
ular to the c-axi

a “normal” O···H
ng  O···H–N bon
SSHB migrate

tion closer to th
ition closer to th

mprehensive stud
d that a first-orde
s the deutero
tude of this effec
mpounds.  

rt Strong Hy

R. Johnson b

Xth XXXXXXXX

otinic acid (35D
tion (30 to 300 K

migration in this s
erial 3,5-dicarbo
in the short NHO

dduct without pr
ues of 3,5-dinitro
mulations at 400
eriods along the 
ormed on 3,5-dic
experimental ob

ed as a predictive

al 
nd 
en 
st 
a 

to 
on 
on 
ic 
)3, 
ls 
,7, 
ic 
a-

pe 
A 
s, 

H–
nd 
es 
he 
he 
dy 
er 
on 
ct 

 
Sch

A search115 

out to id
bonding 
further s
acid syst
was first120 

analysis 
crystallis
a networ
2.54 Å, a
refined p125 

bonding 
material 
The cry
similariti
intermole105 

contact; 
at room 
found bo
suggest
potential110 

ydrogen Bo

and Ivana R

XX 20XX 

DBNA) has been 
K) and ab-initio m
system, which ex
oxylic acid. The 
O hydrogen bon
roton transfer. Th
obenzioc acid an
0 K show the key
trajectory (8% o
carboxylic acid 
bservations (or a
e tool for investi

heme 1: 3,5-dinitro

h of the Cambri
dentify compoun

features, gave 
study, including
tem (35DBNA, 
t reported by Z
at room temper

se in monoclinic
rk of hydrogen
and a normal O2
positions of the

suggested no 
was described a

ystal structure 
ies with 35P
ecular interactio
 these two hydr
temperature, th

onded to the ox
that tempera

lly occur along

Dynam

ART

[journal]

ond in the 3

Radosavljević

studied 
molecular 
xhibits 
refined 

nd, 
his 

nd the ring 
y proton 
of the 
and 3,4-

absence) 
igating 

obenzoic acid-nico

idge Structural d
nds with similar

a number of 
g the 3,5-dinitro

Scheme 1). Th
Zhu and Zheng
rature only.12 Th
c space group P2
n bonds: a sho
2–H9···O3 bond 
e hydrogen atom

evidence for p
as an organic add

of 35DBNA 
PDCA: it co
ons, a short N·
rogen bonds are 
he proton in the
xygen atom. Th
ature-induced p
g the short N

mic Article L

TICLE T

], [year], [vol], 0

3,5-Dinitrob

ć Evans*a 

otinic acid (35DBN

database (CSD)1

r structural and 
potential candi

obenzoic acid -
he structure of 

g using X-ray d
his material was
21/n, and it is sta
ort O4–H8···N1
of 2.56 Å (Figu

ms involved in 
proton transfer,
duct.12 

hence exhibit
ntains two c
···O and a norm
 in a planar arra

e short hydrogen
ese structural si
proton migrati

NHO hydrogen 

inks ►

TYPE

00–00  |  1 

benzoic 

NA) 

11, carried 
hydrogen 

idates for 
nicotinic 

35DBNA 
diffraction 
s found to 
abilised by 

bond of 
ure 1). The 

hydrogen 
, and the 

ts certain 
competing 
mal O···O 
angement; 
n bond is 
imilarities 
ion may 

bond in 



 

2  |

35D
dec
oxy

 
Figu5 

shor

To 
we 
stud
35D10 

sup
tem
resu
dyn
corr15 

Ex
Sam

Cry
3,5-
(Al20 

obt
ana
Gen
cry
reg25 

eva
sha

Sin

A c
ray 30 

to 3
area
full
of ω
tim35 

the 

|  Journal Nam

DBNA in a wa
creasing the tem
ygen towards the

ure 1: Hydrogen b
rt (2.54 Å) N···O c

investigate the p
have undertaken

dy. In this pape
DBNA determin
pporting charac
mperature single
ults of complem
namics (DFT M
roborate the exp

xperimental d
mple preparatio

ystals of 35DB
-dinitrobenzoic 
ldrich, 98%) in a
ained with no fu

alysis were grow
neral Purpose A
stals appeared 
ime. Larger cry

aporation from 
aped crystals resu

ngle Crystal X-r

crystal measurin
analysis. Data 

300 K on a Bruk
a detector, using
l sphere of data 
ω scans, using 

me of 20 seconds
SMART softw

me, [year], [vol]

ay similar to th
mperature the p
e centre of the hy

bonding in 35DBN
contact and a medi

proton behaviou
n a combined ex
er we report th

ned from single c
cterisation of 
e crystal and po
mentary density

MD) simulations
perimental findin

details 
on 

BNA were obt
acid (Aldrich

a 1:1 molar rati
further purificatio
wn from water 
Acid Digestion B

after 2 hours a
stals for neutron
a 1:2 ethanol:w
ulted after three 

ray Diffraction 

ng 0.08 × 0.20 × 
were collected 
ker SMART 10
g graphite mono
was collected a
a frame width o

s per step. The 
ware and integra

], 00–00 

hat in 35PDCA
proton moves a
ydrogen bond an

NA reported by Zh
ium (2.56 Å) O···O

ur in this short h
xperimental and

he 30 and 300 K
crystal neutron d

this material 
owder X-ray d

y functional the
s are also repo
ngs. 

tained from th
h, 99%) and 
o; these reagent
on. Crystals suit
in a 23 cm3 la

Bomb; colourle
at 448 K and a
n analysis were 
water mixture; c
weeks. 

0.24 mm3 was s
at four temperat
00 diffractomete

ochromated MoK
at each temperat
of 0.3 ° in ω an
raw data were c

ated using the S

A, i.e. that on 
away from the 
nd the N atom.  

hu and Zheng12: a 
O contact. 

hydrogen bond, 
d computational 
K structures of 
diffraction, and 

by variable 
iffraction. The 
eory molecular 
orted and they 

he reaction of 
nicotinic acid 

ts were used as 
table for X-ray 
ab scale Parr® 

ess, rod shaped 
a slow cooling 
grown by slow 
colourless, rod 

selected for X-
tures from 100 
er with a CCD 
Kα radiation. A 
ture by a series 
nd an exposure 
collected using 

SAINT suite of 

This jo

programme
correction 
refinement 
non-hydrog75 

atoms were
isotropicall
was used. 

Single Cry

A crystal m135 

analysis. Si
VIVALDI 
the ILL.16 T
and is equ
vertical axi140 

patterns, ea
temperature
of 20° of th
patterns w
spots integr145 

adaption of
integrated r
using a cu
multiple ob
incidence, v150 

was carrie
anisotropic

Powder Di

Data were 
(CuKα1,2), e110 

circuit refri
rate of 15
patterns we
Temperatur
house routi115 

range of d
Academic.2

Numerical

The dynam
DFT code 130 

electronic 
pseudopote
used; this 
optimisatio
initio molec135 

here were 
temperature
of 1 fs and
case. The k

Results a90 

Single cry
temperature
hydrogen b
Firstly, con
proposed b100 

ournal is © The

es 13; this includ
in SADABS a
on F2 was c

gen atoms wer
e located using
ly; a three para

ystal Neutron D

measuring 1.1 × 0
ingle crystal neu
(Very Intense V

This diffractome
uipped with a c
is. Data were co
ach accumulated
e with successiv
he crystal perpen

were indexed us
rated using INTE
f the three-dime
reflections were

urve derived by 
bservations, and
via the program

ed out using S
c displacement p

iffraction 

collected on a 
equipped with a
igerator. The sam
K/hour and, si

ere recorded from
re was logged t
ine was used to 
data. Data ana
20  

l Details 

mics of 35DBNA
 which uses a
properties of 

entials in combi
 gave an en

on was used to 
cular dynamics 
obtained in th

es between 30 a
d a total simula
k-point spacing w

and discussio
ystal X-ray d
es from 100 to

bonding paramet
ntrary to the a
by Zhu and Zh

e Royal Societ

ded performing a
and reduction i
carried out usin
re refined anis

g difference Fou
ameter Chebysch

Diffraction 

0.8 × 0.5 mm3 w
utron diffraction
Vertical Axis L
eter uses a white
cylindrical imag
llected at 30 and

d over six hours,
ve patterns disti
ndicular to the in
sing LAUEGEN
EGRATE+ whic
ensional min(sig
e normalised to a

comparing equ
d corrected for 

m LAUE4.19 Stru
SHELXTL. Ato
arameters were r

Bruker D8 ADV
an Oxford Cryo
mple was cooled
imultaneously, a
m 5 to 60° using
throughout the 
extract the mea

alysis was carr

A were investig
a plane wave 
solids from fir
ination with the

nergy cutoff o
determine the i
simulations. The
he NVT ensem
and 400 K being 
ation time of 10
was typically 0.1

on 
diffraction data
300 K were ana

ters are shown in
adduct/co-crystal
heng12, our data

ty of Chemistry

an empirical abs
in XPREP14. St
ng CRYSTALS
sotropically. Hy
urier maps and 
hev weighting 

was selected for n
n data were colle
Laue Diffractom
e thermal neutro
ge plate detecto
d 300 K; ten diff
, were collected 
inguished by a r
ncident beam. Th
N17 and the ind
ch is a two-dime
gma(I)/I) routine
a common wave

uivalent reflectio
the different an

ucture refinemen
omic coordinat
refined for all at

VANCE diffract
systems PheniX
d from 295 to 12
a series of 20 
g a step size of 0
experiment and

an temperature f
ried out using 

gated using the
basis set to ca
rst principles21.
e PBE functiona
of 700 eV. Ge
initial structure 
e simulations pr

mble, with a ra
employed. A tim

0 ps were used 
1 Å-1. 

a collected a
alysed and the r
n Figure 2.  
l model for 35
a suggest a deg

y [year] 

sorption 
tructure 

S15. All 
ydrogen 
refined 
scheme 

neutron 
ected on 

meter) at 
on beam 
or on a 
ffraction 

at each 
rotation 
he Laue 
dividual 
ensional 
e.18 The 
elength, 
ons and 
ngles of 
nt on F2 
tes and 
toms.  

tometer 
X closed 
2 K at a 
minute 

0.014 °. 
d an in-
for each 

Topas-

 VASP 
alculate 
. PAW 
al were 
eometry 
for ab- 

resented 
ange of 
me step 
in each 

at four 
relevant 

5DBNA 
gree of 



 

T

p
te
th
te
d5 

c
fr
g
m
a10 

a
C
d
s
=15 

d
th

F
p
d20 

 
In
b
r
te25 

h
h
p
r
a30 

d
te
n
a
D35 

This journal is ©

proton transfer 
emperatures. Th
he N1H8 distan
emperatures. H

determined from
caution, and addi
from the analysi
groups (Figure 2
molecule is only
and the C-O dist
and single bonds
C-O bond length
distances in the 
hort N…O hydr

= 1.26 Å, sugges
degree of proton 
he nicotinic acid

Figure 2: Temper
parameters obtaine
drawn as guides to 

n order to ascer
between 100 an
epresent any r
emperature PXR

hydrogen atoms 
hydrogen bonds)
parameter trends
ay diffraction.22 

analysed by pow
determine the u
emperature, and

needed for the 
analysis (vide inf
Data were analy

© The Royal S

in the short 
his is illustrated 
nce is shorter 
However, the 

m X-ray diffract
itional evidence 
is of the C-O di
2b). The carbox

y involved in th
tances of 1.21 a
s, respectively, o
hs found in the C

3,5-dinitrobenz
rogen bond are d
sting an interme
transfer away fr

d ring nitrogen at

ature dependence
ed from single c
the eye only. 

rtain whether th
nd 175 K in t
real structural c
RD data. Subt
(such as proton

) can manifest th
s obtained from 

 A pure polycry
wder XRD betwe

unit cell param
d also to obtain

single crystal 
fra).  
ysed by Rietveld

Society of Chem

NHO hydrog
in Figure 2a, w
than the O4H8

hydrogen at
tion data should
for proton trans

istances in the r
xyl group on th

he moderate O-H
and 1.32 Å corr
on the histogram

CSD.7 On the oth
zoic acid group
d(C7-O3) = 1.24
ediate character, 
rom the oxygen 
tom N1.  

e of the relevant 
crystal X-ray diff

he apparent sma
the trends show
changes, we c
le structural ch
n migration or 
hemselves subtl
variable temper

ystalline sample 
en room temper

meter trends as
n accurate unit

neutron Laue 

d fitting, in whi

mistry [year]

en bond at a
which shows tha
8 distance at a
tom parameter
d be treated wit
sfer can be sough
relevant carboxy
he nicotinic aci

H…O interaction
espond to doubl

m of the carboxy
her hand, the C-O
p involved in th
4 Å and d(C7-O4

consistent with 
atom O4 toward

hydrogen bondin
ffraction. Lines ar

all discontinuitie
wn in Figure 2
ollected variabl
hanges involvin
ordering in sho
ly in the unit ce
rature powder X
of 35DBNA wa
ature and 12 K t
s a function o
t cell parameter

diffraction dat

ich the fractiona

all 
at 

all 
rs 
th 
ht 
yl 
id 
n, 
le 
yl 
O 
he 
4) 
a 

ds 

ng 
re 

es 
2a 
le 

ng 
ort 
ell 
X-
as 
to 
of 
rs 
ta 

al 

atomic c
temperat
unit cell
sample h
shape fun90 

with tem
(Figure 3
clear dis
trends d
migration95 

Figure 3: 
obtained f

Finally, i
determin
temperat120 

structure
diffractio
summari
the Cryst
CCDC. S125 

determin
use cell d
paramete
diffractio
determin130 

are summ

Table 1: C

Chemi

Spa
a
b

V

Dx 
µ

Data 
No. measu

No. uniq
R[F2>4σ(F
No. obser

No. of 

Jo

coordinates obta
ture were kept fi
l parameters, a
height displacem
nction paramete

mperature, showi
3). It should be 
scontinuities or 
does not necessa
n occurring, as e

Temperature depe
from powder X-ray

in order to obta
ne reliably the
ture-dependent p
e of 35DBNA w
on data at 30 an
ised in Table 1 a
tallographic Info
Since only ratio

ned in the white
dimensions foun
ers determined f
on were used. T
ned by single cry
marised in Table

Crystallographic de

 
ical formula 

Mr 
ace group 
a (Å) 
b (Å) 
c (Å) 
β (°) 

V (Å3) 
Z 

(kg m–3) 
(mm–1) 
collection 

ured reflections
que reflections 
(F2)], wR(F2), S
rved reflections
f parameters 

ournal Name, [y

ained from sing
fixed and the par
an overall isotr
ment, backgrou

ers. The unit cel
ing only the exp
noted, however
slope changes i
arily rule out t
evidenced by the

endence of the un
y diffraction. 

ain accurate hydr
e extent of pr
proton migration
was refined fro

nd 300 K. The cr
and the structure
formation Files h
os between unit
-beam Laue tec

nd by some othe
from variable te
The relevant hy
ystal neutron dif
e 2. 

etails for 35DBNA

30 K  
C13H9N3O8 

335.23 
P121/n1 

14.061(6) 
5.039(2) 
19.598(8) 

102.641(8) 
1354(1) 

4 
1.606 
0.09 

Laue method 
13847 
3018 

0.088, 0.167, 1.09
3018 
298 

year], [vol], 00

gle crystal work
rameters refined

ropic temperatu
und terms and 
l volume varies
pected thermal e
r, that the absen
in the unit cell p
the possibility 
e example of 35P

nit cell volume for

rogen atom posi
roton transfer 
n in the SSHB, t
m single crysta
rystallographic d
es are shown in 
have been depo
t cell dimension

chnique, it is nec
er means; in this 
emperature pow
ydrogen bond p
ffraction at 30 a

A at 30 and 300 K.

300 K
C13H9N

335.2
P121/n

14.126
5.071(
20.163

103.469
1405(

4 
1.584
0.09

Laue me
1037
2171

9 0.082, 0.15
2171
298

0–00  |  3 

k at room 
d included 
ure factor, 

the peak 
smoothly 

expansion 
nce of any 
parameter 
of proton 
PDCA. 7 

r 35DBNA 

itions and 
and any 

the crystal 
al neutron 
details are 
Figure 4; 

sited with 
ns can be 
cessary to 
 case, cell 
der X-ray 

parameters 
and 300 K 

. 

K 
N3O8 

3 
n1 
(6) 

(2) 
(8) 

9(8) 
1) 

4 
 
thod 
1 
1 
7, 0.96 

1 



 

4  |

Tab

 
 
Ful
data5 

in 
din
evid
of 
rati10 

gen
gre
belo
0 an
salt15 

pac
Exc
illu
solu
cas20 

of 
resp
the 
exp
 25 

 
Figu
neut
prob

|  Journal Nam

ble 2: Hydrogen bo

  
O4···N1 dista
O4···H8 dista
H8–N1 dista
O2···O3 dista
O2–H9 dista
H9···O3 dista

ll anisotropic str
a confirm unequ
the short hyd
itrobenzoic acid
denced by the d
molecular comp

ionalised by the 
nerally expected 
ater than 3 wil
ow 0 are likely t
nd 3 correspond
t-cocrystal conti
cking have a s
ceptions to the s

ustrate the proble
ution to rational
e of 35DBNA, 
the ring nitrog
pectively24,25, lea

expected par
perimental result

ure 4: The struct
tron diffraction at 
bability level. 

me, [year], [vol]

onding parameters 

ance/Å 2
ance/Å 1
nce/Å 1

ance/Å 2
nce/Å 1.

ance/Å 1.

ructure refineme
uivocally a signif
drogen NHO b
d O4 atom to th
distances listed in
plexes can, at l
pKa values of th
that a ∆pKa (∆p

ll lead to salt f
to yield co-cryst
d to varying deg
inuum), where 
significant effe

structures expect
ems with using 
lise the behavio
the pKa values 

gen atom in nic
ading to a ∆pKa

rtial proton tr
ts. 

ture of 35DBNA,
a) 30 K and b) 30

], 00–00 

obtained by neutr

30 K 
.580(5) 2
.436(8) 1
.144(8) 1
.575(4) 2
010(10) 0
595(10) 1

nt against the 30
ficant degree of 
ond in 35DBN
he nicotinic aci
n Table 2. The 
least to an app
he relevant acid-
Ka = pKa of base
formation, while
tals;  ∆pKa differ
rees of proton tr
other factors s
ct on the ioni
ted on these grou
the pKa values

our in the solid 
of 3,5-dinitrobe
cotinic acid are
value of 2.1, co

ransfer, consist

, as determined b
00 K. ADPs are dr

ron diffraction. 

300 K  
2.500(7) 

1.383(15) 
1.119(15) 
2.560(8) 

0.960(17) 
1.617(17) 

0 K and 300 K 
proton transfer 

NA, from the 
d N1 atom, as 
ionisation state 
roximation, be 
base pairs. It is 
e - pKa of acid) 
e ∆pKa values 
rences between 
ransfer (i.e. the 
such as crystal 
isation state.23 
unds, however, 
 determined in 
state.10  In the 

enzioc acid and 
e 2.8 and 4.9, 
orresponding to 
ent with our 

by single crystal 
rawn at the 50 % 

This jo

The relativ120 

distances l
regarding 
35DBNA, 
effect. One
transfer is 125 

as the diffe
the bonde
hydrogen b
0.26(2) Å a
temperature130 

neutron dif
predominan
the OHO 
completene
greater the135 

centre of t
crossing y =
We have
experiment
SSHB prot85 

single crys
straightforw
molecular d
behaviour o
 60 

 

 
Figure 5: Co
hydrogen bo
dinitrobenzo100 

fully deute
1,2,3,4-tetrac
pentachlorop
(this paper)
pyridine9 and105 

 
 
The startin
geometry-o

-0.50

-0.25

0.00

0.25

0.50

0

O
H

-N
H

 / 
Å

ournal is © The

vely large standa
listed in Table 

any temperatu
given that this 

e way to quanti
through the hyd

erence between t
ed donor-hydro
bond asymmetry
at 300 K. The hy
e trends in sel
ffraction-based e
ntly compounds

hydrogen bon
ess. The steeper
e extent of prot
the hydrogen b
= 0. 
used computa

tal work, and he
ton in 35DBNA
stals suitable f
ward, we wished
dynamics (MD)
of protons in SSH

omparison of the 
onding asymmetr

oate8, 35PDCA is 3
erated 3,5-pyrid
carboxylic acid 4,4
phenol3, 35DBNA
), 35DBA-35DM
d UPA is urea-pho

ng structure for 
optimised structu

100
T

MP-PCP

35DBA-35DMP

e Royal Societ

ard uncertainties
2 do not allow

ure-dependent 
is in the majo

ify the extent o
drogen bond asy
the non-bonded 
ogen distances.
y parameter is 0
ydrogen bonding
ected well-docu
examples shown
 with NHO hyd
nd of UPA h
r the line of b
ton migration; 
ond is shown b

ational methods
elp shed light o
A. Furthermore,
for neutron di
d to investigate t
) simulations of 
HBs.  

temperature depe
ries, where 24PD
3,5-pyridinedicarb
dinedicarboxylic 
4’-bipyridyl4, MP-

A is 3,5-dinitrobe
MP is  3,5-dinit
osphoric acid1.  

MD simulation
ure, in which the

200
Temperature / K

2

35
UPA

B

h-

d-35PDCA

P

ty of Chemistry

s on hydrogen b
w us to be con

proton migrat
ority of cases a
of proton migra
ymmetry, ∆, cal
acceptor-hydrog
 For 35DBNA
0.29(1) Å at 30
g asymmetry va
umented single 
n in Figure 5. Th
drogen bonds; ho
has been show

best fit (Figure 
migration throu
by the line of 

s to compleme
on the behaviour
, since obtainin
ffraction isn’t 
the predictive po
temperature-dep

endence of selecte
DNB is pyridiniu
boxylic acid5, d35P

acid7, BTA-B
-PCP is 4-methylp

enzoic acid-nicotin
trobenzoic acid-d

s of 35DBNA w
e residual forces

300

24PDNB

5DBNA

BTA-BPY

-35PDCA

A

y [year] 

bonding 
nclusive 
tion in 
a subtle 
ation or 
lculated 
gen and 
A, the 

0 K and 
alues vs. 

crystal 
hese are 
owever, 
wn for 
5), the 

ugh the 
best fit 

ent the 
r of the 

ng large 
always 

ower of 
pendent 

ed SSHB 
um 2,4-
PDCA is 

BPY is 
pyridine-
nic acid 
dimethyl 

was the 
s on the 



 

T

a
a
d
d
s5 

M
s
4
O
o10 

fu
T
h
p
w15 

In
o
b

 

F20 

K
d
4
3

 25 

It
h
c
s
ru30 

O
a
T
c
e35 

e

This journal is ©

atoms were close
at the donor ni
distance of 1.134
distance, N1···O
horter than those

MD simulations 
tructure as the 

400 K. The var
O3···H9 bond le
output using a l
function of frame
The plots in Fig
hopping in hyd
proton hopping f
where the NH an
n this case, the l

of the NH bond
bond. 

Figure 6: (Top) N1
K in 35DBNA. (Ce
d) 400 K in 35DB
400 K in 35PDCA
34PDCA.  

t can be seen th
however, at 400 
course of the sim
imply a thermal
uled out by the 

O2–H9···O3 hydr
and d).  
To assess the p
correlation wit
experiments, a c
established cases

© The Royal S

e to zero. In this
itrogen atom (N
4 and 1.409 Å 

O4, was 2.542 Å
e observed expe
were undertake
starting point, 

riations of the 
engths over the
ocal routine. Th
e number (time/f
gure 6 reveal th
drogen bonds. F
from one side o
nd OH bonds (b
length of the OH

d, i.e. we have a

1–H8 (blue) and O
entre): O2–H9 (bl

BNA. (Bottom): e)
A and f) O1–H4 (

at at 30 K no pr
K, some proton

mulation (Figure
l effect as a resu
complete lack 

rogen bond, both

redictive power
th information
comparison has 
s: the N1–H5···

Society of Chem

s model the H8 
N1), with N1–H
respectively; th

Å. These distan
rimentally at 30 

en, using the geo
at 15, 100, 20
N1–H8, O4···H

e course of the
he bond lengths
fs) in Figures 6 a
e presence or a
For example, F
f the hydrogen b
blue and red, re
H bond becomes
an O4–H8 bond

O4···H8 (red) at a) 
lue) and O3···H9 (
) N1–H5 (blue) an
blue) and O3···H4

roton hopping oc
n hopping is obs
e 6b). The possi
ult of the increas
of proton hoppi
h at 30 K and at 

r of these simu
n obtained fr

also been made
O4 bond in 35

mistry [year]

atom was locate
H8 and O4···H

he donor-accepto
nces are slightl
K (Table 2).  

ometry-optimise
00, 250, 300 an
H8, O2–H9 an
e trajectory wer
s are plotted as 
a-d.  
absence of proto
Figure 6b show
bond to the othe
spectively) cros
s shorter than tha
d and an N1···H

30 K and at b) 40
(red) at c) 30 K an
nd O4···H5 (red) 
4 (red) at 400 K i

ccurs (Figure 6a
served during th
ibility that this 
sed temperature 
ing in the norma
300 K (Figure 6

ulations and the
from diffractio
e with two wel
PDCA at 400 K

ed 
H8 
or 
ly 

ed 
nd 
nd 
re 
a 

on 
ws  
er 
s. 
at 

H8 

00 
nd 
at 
in 

a); 
he 
is 
is 
al 
6c 

eir 
on 
ll-
K 

(Figure 6
6,7, and th
which no
the beha65 

intermed
The aver
the O4 a
was calcu
analysis 85 

increases
seems th
significan
this posit

Figure 7: 60 

spends at 

Conclu
The mol
and nico
temperat200 

300 K), a
of 35DB
proton tr
previous 
proton tr205 

asymmet
the carbo
is consis
the pKa v
atom in n210 

the hyd
diffractio
temperat
show the
bond. Th215 

trajectory
located a
observed
structure
simulatio220 

dicarbox
induced 
calculatio
and there
for inve225 

bonds. 

Jo

6e) in which a s
he O1–H4···O3 
o migration is o
aviour of the H
diate between the
rage amount of t
atom in 35DBNA
ulated as a funct
are shown in F

s smoothly as 
hat the proton can
nt period, spend
tion at 400 K.  

The temperature d
the O4 atom in 35

usions 
lecular complex 
otinic acid (35
ture single cryst
and ab-initio mo

BNA in this temp
ransfer in the sh

description of t
ransfer. The key
tric position clo
oxylic acid oxyg
stent with the be
values of 3,5-din
nicotinic acid. R

drogen bonding
on at 30 and 300
ture-induced pro
e H8 proton ho
his proton hopp
y (8% of the sim
at the O4 atom

d by diffraction 
e which into 
ons performed 
xylic acid, known

proton migra
ons correlate w
efore suggest tha
estigating proton

ournal Name, [y

significant proto
bond in 34PDC

observed experim
H8 proton in 3
ese two situation
time that the H8
A over the cour
tion of temperatu
Figure 7. It can
a function of t
nnot be stabilise

ding an average 

dependence of the 
5DBNA. 

formed betwee
DBNA) has be
tal X-ray and n
olecular dynami
perature range c

hort NHO hydro
this material as a
y hydrogen ato
ser to the nitrog
gen (O4), and th
ehaviour expecte
nitrobenzioc acid
Relatively large 
g distances de
0 K preclude cle
oton migration. M
opping across th
ping results in 

mulation time) d
m. This is cons

at higher temp
account this p

on 3,5-dicarb
wn to exhibit and

ation, respecti
well with diffrac
at they could be
n migration in

year], [vol], 00

on migration is o
A at 400 K (Fig
mentally.26 It is 
35DBNA (Figu
ns. 
 proton actually 
rse of the MD s
ure, and the resu
n be seen that 
temperature; ho
ed on the O4 ato
of only 8% of th

% of time that the

en 3,5-dinitroben
een studied by

neutron diffracti
ics. The refined 
clearly indicate s
gen bond, contr
an organic adduc
om (H8) is loca
gen atom (N1) ra
his partial proto
ed from the diff
d and of the ring
standard uncert

etermined from
ear conclusions 
MD simulations
he NHO short 
short periods 

during which the
sistent with the 
perature being an
proton hopping
boxylic acid 

d not exhibit tem
vely, show t
ction-based obs
e used as a predi
n short strong 

0–00  |  5 

observed5, 

gure 6f) in 
clear that 

ure 6b) is 

spends at 
simulation 
ults of this 
the value 

owever, it 
om for any 
he time in 

e H8 proton 

nzoic acid 
y variable 
on (30 to 
structures 

significant 
rary to the 
ct without 

ated in an 
ather than 

on transfer 
fference in 
g nitrogen 
tainties on 

m neutron 
about any 

s at 400 K 
hydrogen 
along the 

e proton is 
structure 

n average 
g. Similar 

and 3,4-
mperature-
that MD 
servations, 
ictive tool 
hydrogen 



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 

Acknowledgements 
We thank the ILL for beam-time allocation. SJF thanks the ILL 
and Durham University for a PhD studentship. 
 5 

Notes and references 
a Department of Chemistry, Durham University, Science Site, South Road, 
Durham DH1 3LE, UK. Fax: 44 191 3844737; Tel: 44 191 3342594; E-
mail: ivana.radosavljevic@durham.ac.uk 
b Institute Laue Langevin, 6 Rue Horowitz, Grenoble Cedex 38, France.  10 
c Present address: The Bragg Institute, ANSTO, New Illawarra Road, 
Kirrawee NSW 2232, Australia.  
 
† Electronic Supplementary Information (ESI) available: CIF files 
 15 

1. C. C. Wilson, Acta Crystallographica Section B-Structural 
Science, 2001, 57, 435-439. 

2. C. C. Wilson and C. A. Morrison, Chemical Physics Letters, 
2002, 362, 85-89. 

3. T. Steiner, I. Majerz and C. C. Wilson, Angewandte Chemie-20 

International Edition, 2001, 40, 2651-2654. 

4. J. A. Cowan, J. A. K. Howard, S. A. Mason, G. J. McIntyre, S. 
M. F. Lo, T. Mak, S. S. Y. Chui, J. W. Cai, J. A. Cha and I. D. 
Williams, Acta Crystallographica Section C-Crystal Structure 
Communications, 2006, 62, O157-O161. 25 

5. J. A. Cowan, J. A. K. Howard, G. J. McIntyre, S. M. F. Lo and 
I. D. Williams, Acta Crystallographica Section B-Structural 
Science, 2005, 61, 724-730. 

6. F. Fontaine-Vive, M. R. Johnson, G. J. Kearley, J. A. Cowan, 
J. A. K. Howard and S. F. Parker, Journal of Chemical 30 

Physics, 2006, 124. 

7. S. J. Ford, Delamore, O. J., Evans, J. S. O., McIntyre, G. J., 
Johnson, M. R., Evans, I. R., Chemistry - A European Journal, 
2011, 17. 

8. I. Majerz and M. J. Gutmann, Journal of Physical Chemistry 35 

A, 2008, 112, 9801-9806. 

9. I. Majerz and M. J. Gutmann, Rsc Advances, 2011, 1, 219-228. 

10. A. O. F. Jones, M. H. Lemee-Cailleau, D. M. S. Martins, G. J. 
McIntyre, I. D. H. Oswald, C. R. Pulham, C. K. Spanswick, L. 
H. Thomas and C. C. Wilson, Physical Chemistry Chemical 40 

Physics, 2012, 14, 13273-13283. 

11. F. H. Allen, Acta Crystallographica Section B-Structural 
Science, 2002, 58, 380-388. 

12. J. Zhu and J. M. Zheng, Chinese Journal of Structural 
Chemistry, 2004, 23, 417-420. 45 

13. Bruker, Madison, Wisconsin, 6.22 edn. 

14. G. M. Sheldrick, University of Goettingen, 1998. 

15. P. W. Betteridge, J. R. Carruthers, R. I. Cooper, K. Prout and 
D. J. Watkin, Journal of Applied Crystallography, 2003, 36, 
1487. 50 

16. G. J. McIntyre, M. H. Lemee-Cailleau and C. Wilkinson, 
Physica B-Condensed Matter, 2006, 385-86, 1055-1058. 

17. J. W. Campbell, Q. Hao, M. M. Harding, N. D. Nguti and C. 
Wilkinson, Journal of Applied Crystallography, 1998, 31, 
496-502. 55 

18. C. Wilkinson, H. W. Khamis, R. F. D. Stansfield and G. J. 
McIntyre, Journal of Applied Crystallography, 1988, 21, 471-
478. 

19. R. Piltz, Acta Crystallographica 2011, A65, C155. 

20. A. A. Coelho, J. S. O. Evans, I. R. Evans, A. Kern and S. 60 

Parsons, Powder Diffraction, 2011, 26, S22. 

21. G. Kresse and J. Furthmuller, Physical Review B, 1996, 54, 
11169-11186. 

22. I. R. Evans, Howard, J. A. K., Evans, J. S. O., Crystal Growth 
& Design, 2008, 8, 1635. 65 

23. S. L. Childs, G. P. Stahly and A. Park, Molecular 
Pharmaceutics, 2007, 4, 323-338. 

24. G. Smith, U. D. Wermuth, D. J. Young and J. M. White, Acta 
Crystallographica Section C-Crystal Structure 
Communications, 2009, 65, O543-O548. 70 

25. C. A. Appleby, Wittenbe.Ba and Wittenbe.Jb, Proceedings of 
the National Academy of Sciences of the United States of 
America, 1973, 70, 564-568. 

26. I. R. Evans, Howard, J. A. K., Evans, J. S. O.,  Postlethwaite, 
S. R., Johnson, M. R., Cryst. Eng. Comm., 2008, 10, 1404-75 

1409. 

 

  


