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Density functional theory study of dipicolinic acid isomers and crystalline polytypes
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a b s t r a c t

Six isomers of dipicolinic acid (DPA) in the gas phase are predicted based on a detailed density functional
theory study. Energetics include the binding energy, ionization potential, and electron affinity. Dipole
moments, rotational constants, atomic charges, and Fukui functions are also calculated. Several isomer-
ization reactions are shown as possible, with calculated reaction path and transition barriers in the range
6–14 kcal/mol. Prediction of five DPA dimers and three crystalline DPA polytypes are also reported. Vibra-
tional analysis for monomers and dimers is calculated and compared to existing experimental results.
The electronic band structure of three crystalline polytypes shows that DPA crystals are insulators. The
three stable polytypes display distinct hydrogen-bonding formations that originate sheets of DPA mole-
cules that are further stacked to form layered crystals that are energetically nearly degenerate.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Powell [1,2] was the first to discover the fact that dipicolinic
acid (DPA, 2,6-pyridinedicarboxylic acid), C5H3N(COOH)2, is ex-
creted by most or all species of germinating bacterial spores. DPA
is a unique biomarker thought to protect bacterial spores because
of its ability to strongly absorb ultraviolet light [3]. DPA is well-
known to be a molecule with high chelation. The Ca2+ chelate of
DPA is a major constituent of the dormant spore core, accounting
for approximately 10% of total spore dry weight [4,5]. Indeed,
DPA’s presence within the spore medium is primarily found as a
calcium chelated form, calcium dipicolinate (CaDPA), which in-
duces and enhances bacterial spore germination [6,7]. Up to 50%
of the solids excreted by the spores and up to 15% of the total
dry weight of each spore are thought to be CaDPA. Additionally,
CaDPA retains the characteristic of having a strong UV absorption,
as does pristine DPA. While calcium and sodium bound to DPA are
more often to be found in nature, there have also been studied to
design optical reporters based on lanthanide elements [8–11]
and molecularly imprinted polymer surfaces [12]. DPA’s structural
properties make this molecule an efficient functional group in the
binding of anionic moieties through hydrogen-bonding and charge
pairing intermolecular forces [13].

Experiments performed on wet paste and dry crystal forms of
DPA and CaDPA have shown interesting effects on their fluores-
cence intensities [14]. The drying of DPA crystals showed an in-
crease in the observed fluorescence as well as a broader emission

peak. UV-exposed samples exhibited dramatic increases in fluores-
cence [15]. It has been theorized that a photochemical reaction
takes place to form new molecular species or isomers in those
UV-irradiated samples [15]. Experiments have illustrated the
vibrational spectra, supramolecular structure of the crystal unit
cell [16], and crystallography of anhydrous DPA [17,18]. Among
the crystal forming DPA molecules it has been identified that neu-
tral or zwitterion structures may form anhydrous supramolecular
structures by self-association with hydrogen bonds or by p ? p⁄

electronic transitions of the pyridine ring [18,19].
Computational investigations of DPA and CaDPA have been rel-

atively sparse. Early calculations with small basis sets have sug-
gested that the CO2 groups are oriented perpendicular to the ring
plane [20]. Complete active space multi-configuration self-consis-
tent field (MCSCF) calculations have determined ground and ex-
cited state geometries and vibrational frequencies for one isomer
of gas phase DPA and its anion [21]. Density functional theory
and time-dependent density functional theory studies performed
on DPA and its dianion showed an acceptable agreement between
the calculated IR, Raman, NMR, and photo-absorption spectra as
compared with experimental values [22]. The latter study reports
that the lowest excited singlet state for DPA is dipole-forbidden
and the first dipole-allowed transition is the excitation to the sec-
ond singlet state. This study also rules out a direct singlet–triplet
excitation process. Other DFT studies have addressed functional-
ized DPA tailored for enhanced emission properties [23,11,24–26].

To the authors’ knowledge, there is no literature reporting a
computational investigation of DPA isomers along with predictions
of which isomers may form supramolecular self-associated dimers
and crystals which are intermolecularly bonded by pairs of
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hydrogen bonds. In this article we put forward a thorough density
functional theory (DFT) calculation to predict several stable gas
phase isomers, their dimers, and crystalline polytypes. The focus
is on neutral DPA structural rearrangement that excludes deproto-
nation. Section 2 gives an overview of the structure, energetics,
vibrational analyses and isomerization pathways of six DPA iso-
mers. Section 3 gives a description of the possible dimers that
can be formed from the predicted monomers through a tandem
of hydrogen bonds. Structure, energetics, and vibrational analyses
are included in this section for the predicted dimers. Section 4 con-
tains a description of three optimized crystalline polytypes of DPA,
which are formed by stacking sheets of molecules arranged in par-
allel chains. The electronic band structure of these predicted crys-
tals is calculated, indicating that these crystals are insulators.
Concluding remarks in Section 5 close this article. Detailed struc-
tural information, IR spectra, and the vibrational spectra of the
gas phase DPA isomers presented in Section 3 are provided as Sup-
plementary data.

2. DPA isomers

All-electron density functional theory (DFT) calculations of DPA
in the gas phase are performed within Becke’s 3-parameter hybrid
functional approach with Lee–Yang–Parr’s [27] correlation func-
tional (B3LYP) and a double-f basis set augmented with d polariza-
tion function (6-31G (d)). Structural optimizations of DPA isomers
are performed with the Berny algorithm [28]. An optimized struc-
ture implies that the molecular system is in a minimum of the elec-
tronic energy. This geometry is then mechanically stable. All
calculations were carried out with the Gaussian 09 package [29].
Optimized structures of the DPA predicted isomers are shown in
Fig. 1. Detailed bond lengths and angles of these geometries are re-
ported in the Supplementary data.

The electronic ground state of all of these isomers are singlets.
Furthermore, it is determined that DPA isomers are also stable
geometries in triplet electronic states. However, triplet states

Fig. 1. Optimized structure of the six DPA isomers in the gas phase.

Table 1
Singlet (S0) and triplet (T) electronic states, electronic energies, binding energies (BE), and dipole moments of the DPA isomers. The HOMO–LUMO gap (D) of singlet states,
electron affinities (EA), and ionization potentials (IP) are also reported. Electronic energies E are relative to the 1DPA1 ground state energy of �17.018746 keV plus the zero point
energy of 3.236 eV.

Isomer S0 E (eV) BE (eV) dipole (D) EA (eV) IP (eV) D (eV) T E (eV)

DPA1 1A 0 113.890 3.4, 1.8, 0 0.8 9.482 5.220 3A 3.398
DPA2 1A1 0.046 113.843 0, 2.6, 0 0.816 9.706 5.409 3A1 3.50
DPA3 1A 0.050 113.840 4.9, 3.9, 0 0.631 9.495 5.191 3A 3.447
DPA4 1A1 0.144 113.746 0, 0.7, 0 0.286 9.021 5.383 3A1 3.392
DPA5 1A 0.215 113.674 1.4, 2.9, 0 0.282 9.070 5.437 3A 3.456
DPA6 1A1 0.296 113.594 0, 5.2, 0 0.280 9.149 5.599 3A 3.652
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should be considered as excited states since they are above the
ground state. Calculation of vibrational frequencies associated to
all states confirm that stable structures correspond to minima of
the electronic energy surface. DPA2, DPA4 and DPA6 have C2v
symmetry while the other three isomers are Cs. Electronic state
energies (E), binding energies (BE), dipole moments, ionization
potentials (IP), adiabatic electronic affinities (EA), and HOMO–
LUMO gaps (D) for the six predicted isomers are summarized in
Table 1. The binding energy is defined as BE = jEDPA � Eatomicj, where
Eatomic is the sum of the individual atom energies. The IP and EA are

calculated as differences between the optimized state of the neutral
and the optimized state of the cation or anion, respectively. The zero
point energies (�) of the six isomers is very similar, about 3.2 eV.

DPA1 is the global minimum structure taking into account that
its total electronic energy plus the zero point energy is the lowest
of the six predicted structures. Two isomers, DPA2 and DPA3, lie in
almost degenerate states above the DPA1 structure at 0.046 and
0.050 eV, respectively. Isomers DPA4, DPA5, and DPA6 lie higher
up above DPA1 at 0.144, 0.215, and 0.296 eV, respectively. The
DPA6 isomer has previously been proposed by Carmona [16] as
the unique structure for DPA. The DPA5 isomer is the structure pro-
posed in Ref. [30] and determined by Tellez et al. [17] to be the main
component in DPA supramolecular arrays. The structure of the DPA4
isomer was reported in previous calculations [21] and identified
experimentally in Raman measurements [31]. It is thus important
to point out that three additional stable isomers, put forward in this
paper, are new to the literature. The ionization potential of the three
most stable isomers is larger than the reminding three. Additionally,
DPA1, DPA2, and DPA3 have significantly larger electron affinities,
making them more reactive than the others. The HOMO–LUMO
gap is quite large in all six isomers. The spectrum of one-electron
Khon-Sham molecular orbital levels for the monomeric isomers is
given in the Supplementary data. It is interesting to note that the
more symmetric monomers show degeneracies in the valence and
virtual states that disappear in the less symmetric isomers. Of all iso-
mers, DPA3 is the most polar compound out of the six studied
structures.

A Mulliken analysis of the wave function yields charges on the
different atoms which are very similar across the six isomers as

Table 2
Atomic charges of DPA isomers calculated from the Mulliken analysis.

Atom DPA1 DPA2 DPA3 DPA4 DPA5 DPA6

N1 �0.591 �0.663 �0.578 �0.503 �0.491 �0.479
C2 0.245 0.250 0.232 0.231 0.217 0.218
C3 �0.141 �0.140 �0.145 �0.136 �0.139 �0.138
C4 �0.107 �0.103 �0.105 �0.111 �0.109 �0.107
C5 �0.139 �0.140 �0.138 �0.136 �0.135 �0.138
C6 0.249 0.250 0.251 0.231 0.233 0.218
C7 0.560 0.589 0.562 0.555 0.559 0.560
O8 �0.462 �0.447 �0.442 �0.471 �0.437 �0.433
O9 �0.559 �0.574 �0.581 �0.548 �0.587 �0.587
C10 0.586 0.589 0.587 0.555 0.556 0.560
O11 �0.457 �0.447 �0.458 �0.471 �0.471 �0.433
O12 �0.582 �0.574 �0.581 �0.548 �0.545 �0.587
H13 0.187 0.195 0.183 0.183 0.179 0.179
H14 0.167 0.173 0.166 0.160 0.159 0.158
H15 0.190 0.195 0.190 0.183 0.183 0.179
H16 0.419 0.424 0.420 0.414 0.416 0.416
H17 0.437 0.424 0.440 0.414 0.414 0.416

Fig. 2. Fukui functions; f� (electron donor) and f0 (radical attack) of DPA isomers. A
value of 0.002 was used to create the positive iso-surfaces.

Fig. 3. Calculated infrared spectra of the six gas phase isomers of DPA.
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shown in Table 2. The Fukui function [32] f(r)=@q(r)/@N is evaluated
from right or left to avoid the discontinuity at integer N yielding the
electron acceptor function f+ (derivative taken from the right)

fþðrÞ ¼ qNþ1ðrÞ � qNðrÞ ð1Þ

and the electron donor function f� (derivative taken from the left)

f�ðrÞ ¼ qNðrÞ � qN�1ðrÞ ð2Þ

where qN(r) is the electron density of a system with N electrons
[33]. These functions are useful for predicting the nucleophilic
and electrophilic reactivity of compounds. The reactivity indicator
for radical attack is defined by

f 0ðrÞ ¼ 1
2
ðfþðrÞ þ f�ðrÞÞ ð3Þ

The Fukui functions f� and f0 for DPA are shown in Fig. 2. The cal-
cium salt of DPA involves electrophilic substitution with a calcium
dication displacing two hydrogens to form CaDPA. Thus, DPA is an
electron donor molecule. We see in Fig. 2 that DPA4 has the largest

f� value at the nitrogen site. The other isomers have similarly large
f� values at the nitrogen site except for DPA2. All of the isomers
show a large f� value at the carboxyl oxygens (8 and 11 in Fig. 1).
The binding site for a calcium atom to DPA is likely to occur near
the nitrogen or carboxylic oxygens.

Inspection of the f0 Fukui function shows that it is similar to f�.
Sites susceptible to radical attack are the nitrogen atom and car-
boxyl oxygens for DPA1, DPA2, and DPA6 while DPA3 only has high
f0 at the carboxyl oxygen #11 site. DPA4 has high f0 only at the
nitrogen and DPA5 has high f0 at the nitrogen and moderately high
f0 at the oxygen #11 site.

The calculated vibrational spectra of all six monomers are
shown in Fig. 3, where peak heights are normalized to the peak
of maximum intensity for each isomer. Assignment of the normal
modes of vibration in DPA1 is given in Table 3 and compared with
experiment [16]. Frequencies for the other five isomers are re-
ported in the Supplementary data. It is interesting to note that
DPA1 through DPA3 have similar spectra, and these are quite dif-
ferent than the spectra of the other three isomers. All isomers have
prominent OH stretching modes in the high frequency range
(>3500 cm�1). The two OH stretching modes for DPA1 (3692 and
3530 cm�1) and DPA3 (3699 and 3524 cm�1) are clearly split while
the other isomers’ OH stretching modes are almost exactly over-
lapping. The OH stretching modes of DPA4, DPA5, and DPA6 are
also blue-shifted from those of DPA1, 2, and 3. The quite intense
C=O stretching mode is seen in all of the monomers between
1816 and 1868 cm�1. A slight splitting of the C=O stretching modes

Table 3
Calculated vibrational spectrum of the DPA isomer with lowest energy and
comparison with experiments.

DPA1 Experiment[16]

m (cm�1) Intensity Assignment IR Raman

3692 81 t OH 3115 3113
3530 145 t OH 3102 3105
3246 0 ts C–H 3070
3243 1 ta C–H 3070
3212 7 ta C–H 2800 2650
1863 253 t C=O 1710 1646
1825 287 t C=O 1700 1640
1644 2 t ring C–C 1576 1580
1630 3 t ring C–C, C–N 1571 1577
1508 7 q CH 1470 1475
1469 15 t C–N 1468 1447
1437 572 r OH 1422 1439
1405 108 r OH 1387 1423
1355 16 t ring C–C, C–N 1341 1332
1277 14 r OH, t C–C 1308 1304
1236 114 r OH 1275 1279
1185 8 r CH 1260 1262
1165 10 t C–O 1178 1183
1152 132 t C–O 1151 1156
1102 50 r CH 1082 1090
1028 0 x CH 998
1023 10 ring breath 987 998
974 0 x CH 937 987
898 11 t C–C, q ring 890 895
862 13 x CH 855 855
796 22 s full molecule 751 802
767 5 x CH 705 762
742 2 ring breath, r C (=O)–O 692 752
731 55 x OH 668 698
709 156 x C–C/O–H 647 647
663 48 q in-plane 592 630
645 37 ring breath 583 619
625 32 x OH 530
576 3 q in-plane 519 495
478 2 q in-plane 421 491
467 11 x ring 365 437
437 0 q out-of-plane 330 396
384 4 q in-plane 226 298
359 2 ring breath 218 209
259 20 q in-plane 208 192
176 2 s ring 199 135
155 1 q out-of-plane 107 121
131 5 r full molecule 89 85
82 4 s C-COOH 79 72
55 3 s C-COOH 28

t, stretching; x, wagging; q, rocking; s, twisting;
r, scissoring; Ph, phenyl. Subscripts: a, asymmetric; s, symmetric.

Fig. 4. Energy pathways for five different reactions: (a) DPA1 to DPA2 [solid], DPA1
to DPA3 [small dots], DPA1 to DPA4 [large dots], (b) DPA4 to DPA5, (c) DPA5 to
DPA6. The energies in (a–c) are relative to the DPA1, DPA4, and DPA5 minima,
respectively.
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in DPA1 and DPA5 is also noticeable. The 1863 cm�1 line in DPA1 is
due to the C10–O11 stretching mode and the 1825 cm�1 line is due
to the C7–O8 stretching mode. Meanwhile in DPA5, the 1855 cm�1

line is due to the C7–O8 stretching mode and the 1818 cm�1 line is
due to the C10–O11 stretching mode.

The most intense mode in DPA1, DPA2, and DPA3 is the OH scis-
soring mode located at 1400 and 1440 cm�1. In all three of these
modes, H17 is swung towards the nitrogen. For the DPA2 OH scissor-
ing mode, both H16 and H17 have the same swinging motion in-
wards to N1. Those same OH scissoring modes exist for DPA4,
DPA5, and DPA6 but their motion brings the hydrogen closer to
the carboxyl oxygen and results in a lower intensity line. The
DPA4, DPA5, and DPA6 C–O stretching and CH scissoring modes be-
tween 1100 and 1170 cm�1 are very intense. These same modes are
present in DPA1, DPA2, and DPA3 but are less intense. The most
prominent feature for DPA1, DPA2, and DPA3 below 1000 cm�1 is

the C–C and OH wagging mode. This mode appears at approximately
700 cm�1. Meanwhile, for DPA4, DPA5, and DPA6, several moder-
ately intense lines lie between 600 and 800 cm�1. These lines are
due to the OH wagging mode (590–615 cm�1), the in-plane rocking
mode (645–655 cm�1), the out-of-plane rocking mode (700–
735 cm�1), and the CH wagging mode (750–770 cm�1). The only
moderately intense lines for DPA1, DPA2, and DPA3 below
1000 cm�1 belong to the C–C and OH wagging modes between 670
and 740 cm�1.

The rotational constants of all six isomers are quite similar.
These rotational constants in GHz are 1.76967, 0.64388, and
0.47210 for DPA1, 1.77310, 0.64430, 0.47258 for DPA2, 1.80582,
0.63269, 0.46853 for DPA3, 1.79468, 0.62793, 0.46517 for DPA4,
1.83484, 0.61616, 0.46126 for DPA5, and 1.87671, 0.60428,
0.45710 for DPA6.

Several isomerization reaction coordinates are predicted and
the transition state in each reaction is identified using the synchro-
nous transit-guided quasi-Newton method [34,35]. The energy
paths for the five isomerization reactions are shown in Fig. 4. Reac-
tion pathways are calculated along the intrinsic reaction coordi-
nates (IRC). The structure of the compound at the transition state
is confirmed through vibrational analysis by displaying one imag-
inary frequency. All of the transition structures are near the mid-
point (±90�) geometry of complete dihedral angle rotations:
DPA1 ? DPA2 (2,7,9,16) dihedral; DPA1 ? DPA3 (1,2,7,8) dihe-
dral, DPA1 ? DPA4 (6,10,12,17) dihedral; DPA4 ? DPA5
(1,2,7,8) dihedral; and DPA5 ? DPA6 (5,6,10,11) dihedral. Thus;
the IRC transition vectors chosen are the dihedral angles differen-
tiating the two isomers. As seen in Fig. 4, the barriers for these
rearrangement reactions are between 6 and 14 kcal/mol, not

Fig. 5. Structure of optimized dimers of DPA showing the tandem of hydrogen bonds required for forming them.

Table 4
Electronic states, total electronic energies, zero point energies (�0), dimer formation
energies (Eformation), electron affinities (EA), ionization potentials (IP), and HOMO–
LUMO gap (D) of DPA dimers. Total electronic energies E are relative to the 2DPA1
ground state energy of �34.038310 keV.

Dimer State E (eV) �0 (eV) Eformation

(eV)
EA (eV) IP (eV) D (eV)

2DPA1 1A1 0 6.514 0.818 1.264 8.928 5.089
2DPA3 1A1 0.042 6.510 0.875 1.255 8.917 5.084
2DPA4 1A1 0.292 6.498 0.814 0.813 8.553 5.353
2DPA5 1A1 0.351 6.492 0.898 0.804 8.580 5.388
2DPA6 1A1 0.501 6.482 0.908 0.775 8.695 5.551
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attainable at room temperature from either side of the reaction
path. The most favorable rearrangement is DPA1 into DPA3
(Fig. 4A small dots line) which carries a cost of about 6 kcal/mol.
The rearrangement reaction of DPA1 into DPA2 or DPA4 requires
twice as much energy (13.1 and 14.8 kcal/mol, respectively) as
shown in Fig. 4A. It is interesting to note that the isomerization
reaction from DPA4 to DPA5 (Fig. 4B) and DPA5 to DPA6 (Fig. 4C)
are possible when a barrier of 6 kcal/mol is surmounted.

In summary, based on the isomerization energy barriers ob-
tained, DPA1 (most stable isomer) is unlike to isomerize at normal
laboratory conditions to any of the other five stable isomers. In
addition, assuming that under certain thermodynamic conditions
one of the less stable isomers is formed, this isomer would quite
unlikely rearrange into any of the other five (the energy barriers
are too high). For this reason, in the following section we study
dimerization reactions that involve only one type of isomer in each
case. When compared to isomerization of other rotamers such as
methyl salicylate ketoB ? ketoA, barriers of 6 kcal/mol are lower
by a factor of three [36]. However, dihedral angle isomerization
barriers from anti-gauche ? syn-gauche in bipyrrole are five times
smaller [37].

3. DPA dimers

There are a number of planar aromatic molecules that dimerize
by means of two in-plane inter-monomer hydrogen bonds that
contribute to their stabilization. An example is the benzoic acid di-

mer [38] that further enters as a molecular entity in the crystal
[39]. However, benzoic acid dimers do not allow for chain-like
supramolecular structures linked by double intermolecular hydro-
gen bonds. A number of DPA dimers are plausible to be predicted
when two molecules bind by means of two hydrogen bonds and re-
main planar. We study here several possibilities within the same
DFT level of calculation. The purpose of this search is to find dimers
with two intermolecular hydrogen bonds that would be prone to
further form trimers, and larger arrays if more DPA monomers
are added. The search was restricted to isomers of the same kind.
This is because the chemical equilibrium between isomers of dif-
ferent types involve conditions away from normal temperature
and pressure, as has been discussed in the previous section. Five
stable and optimized dimer structures are shown in Fig. 5. All
structures have C2h symmetry. The notation adopted for identify-
ing these dimers is 2DPAn, n = 1, 3–6. These dimers of two DPA
molecules bind through two inter-molecular hydrogen bonds (O–
H–O) joining the COOH groups. Dimers of DPA2 are absent because
there is no possible O–H–O bonds between two DPA2 monomers.
The electronic states, energies, zero point energy, formation ener-
gies, ionization potential, electronic affinity, and HOMO–LUMO
gap for these five dimers are reported in Table 4. The DPA1 dimer
(2DPA1) is the lowest in energy of the five dimers investigated. In
Table 4, the energy of each dimer is referred to the energy of the
2DPA1. As for the monomers, the zero point energies are very
comparable for the five isomers. The formation energy Eforma-

tion = 2Emonomer � Edimer is lowest for 2DPA4, which also has the
lowest IP. For a balance of energies, 2DPA4 is then quite effective
for forming supramolecular structures such as chains linked
through pairs of O–H–O bonds. Additionally, this isomer is the cen-
tral unit for forming the crystal. We note that despite the fact that
2DPA1 is the lowest in energy, this dimer and 2DPA3 may only ex-
ist in the gas or liquid phases since there are no paths for forming
inter-molecular hydrogen bonds. Electron affinities and HOMO–
LUMO gap, are quite comparable for the five dimers. Also notable
is the expected shrinkage of the HOMO–LUMO gap in the dimers
when compared to gaps in the monomers (Table 1). It is possible
to mix and match different DPA isomers to form other dimers
but such speculation is not part of this work.

All five DPA dimers are non-polar with zero dipole moments.
Calculation of the vibrational frequencies confirms that the struc-
tures reported in Fig. 5 are minima. The calculated vibrational IR
spectra for the DPA dimers are shown in Fig. 6. The OH stretching
mode at frequencies 3100 and 3200 cm�1 is quite dominant and
overshadows the spectrum in all five dimers. It has been pointed
out [31,40] that the O–H vibrational stretching bands are blue
shifted as DPA changes phase from vapor ? liquid ? solid. A blue
shift of the O–H stretching modes from 400 to 500 cm�1 is already
present when comparing the monomer to the dimer spectra.

Various out-of-plane dimers were attempted. However, in the
few cases that stable structures were found, these were at least
0.6 eV higher in energy than the planar dimers. By stacking two
2DAP4 dimers and optimizing the geometry of the supramolecular
arrangement, we find that the two dimers tend to form a fan-look-
ing structure in which the initially parallel planes organize them-
selves at a 45� angle.

4. DPA crystalline polytypes

Several of the DPA dimer structures lend themselves to be ex-
tended in linear chains by adding more monomers. Using the same
DFT level of calculation plus periodic boundary conditions (PBC),
one-dimensional chains of DPA4, DPA5, and DPA6 are optimized
and found to be stable. The initial guess of 16.167 Å for the lattice
parameter (i.e., two monomers long) was taken from experimental

Fig. 6. Calculated infrared spectra of the five dimers of DPA in the gas phase.
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crystallographic data [17] of DPA crystals. The chain of DPA4 has
the lowest total energy of the three. The DPA5 and DPA6 chains
have energies of 0.060 and 0.156 eV above the DPA4 chain, respec-
tively. The optimized lattice parameters have lengths of 16.497,
16.318, and 16.257 Å for DPA4, DPA5, and DPA6 chains, respec-
tively. These values are slightly expanded (at most 2%) with respect
to the experimental observation in the crystal.

These optimized 1-D chains and X-direction translation vectors
are then used as the initial guesses for a two-dimensional calcula-
tion of DPA4, DPA5, and DPA6. The initial guess for the lattice con-
stant in the y-direction is 5.571 Å, again taken from experiments
[17] of crystalline DPA. The energies of the optimized sheets are
nearly degenerate with the 2DPA4 sheet having the lowest total
energy. The DPA5 and DPA6 sheets have total energies of 0.022
and 0.041 eV above that of the DPA4 sheet, respectively. The 2-D
optimization results agree with the crystal structure of previous
experiments [17] and show that chains of DPA arrange themselves
in rows within a plane as illustrated in Fig. 7. However, the calcu-
lation predicts larger unit cell lengths along the XY-plane than
experiment. The optimized lattice constants are (16.398,6.754),
(16.376,6.690), and (16.378,6.611) Å for the DPA4, DPA5, and
DPA6 2-D sheets, respectively. Finally, single point calculation of
three-dimensional crystal structures of DPA4, DPA5, and DPA6
are calculated by stacking the optimized 2-D sheets on top of each
other with an inter-plane distance c = 3.77 Å. The c lattice constant

is again taken from experiments [17]. The energy ordering of the
three structures is nearly identical to the 2-D case, with DPA5
and DPA6 crystal structures having total energies of 0.022 and
0.042 eV above that of the DPA4 crystal, respectively.

These DPA layered crystals are orthorhombic. The band struc-
tures of the three crystalline forms are then plotted along charac-
teristic symmetry lines of the irreducible Brillouin zone [41] and
shown in Fig. 8 for the DPA4 crystal. Nine occupied and nine unoc-
cupied bands are plotted along the edges and two faces of one
eighth of the irreducible Brillouin zone. All energies in Fig. 8 are re-
ferred to the Fermi energy level of the DPA crystal, which is com-
puted by solving self-consistently the expression equating the
number of electrons (N) to the sum of electron occupation proba-
bilities (Fermi functions) of states composing the bands [42],

N ¼
Xnband

a¼1

Xnk

k¼1

2

1þ e
Ea;k�EF

kBT

ð4Þ

where nband = 20 is the number of bands, nk = 144 is the number of
k-points in each band, kB is Boltzmann’s constant, and T = 300 K.
Accuracies better than 0.001 eV were achieved in the determination
of EF. The calculated Fermi energy of the DPA4 crystal is �7.534 eV.
As expected, this crystal is an insulator with indirect band gap of
4.84 eV and direct band gap of 5.02 eV. The DPA5 crystal has a Fermi
energy of �7.679 eV, indirect band gap of 4.85 eV and direct band

Fig. 7. Sheet formation of DPA4 in two dimensions showing the arrangement of parallel chains in the plane. (a) Optimized unit cell with lattice constants of a = 16.398 Å and
b = 6.754 Å; (b) a 2 � 2 supercell.
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gap of 5.08 eV. The Fermi energy of the DPA6 crystal is �7.770 eV
and has an indirect band gap of 4.85 eV and a direct band gap of
5.15 eV.

5. Conclusion

The structure, energetics, and vibrational analyses of six gas
phase isomers and dimers of neutral, anhydrous, DPA have been cal-
culated within the DFT B3LYP/6-31G (d) computational modeling
frame. All structures were determined to be stable in singlet ground
states and triplet excited states. In the gas phase we predict that
DPA1 is the most abundant isomer. Populations of DPA2 and DPA3
may also exist in the gas phase as those two isomers have almost
degenerate ground states at�0.05 eV above the DPA1 structure. Ion-
ization potentials of all these isomers are high (above 9 eV) and the
HOMO–LUMO energy gap is substantial of about 5 eV. Transition
states between five possible isomeric reactions were found plausible
at high temperatures, demonstrating that the DPA1 ? DPA3 and
DPA4 ? DPA5 reactions are energetically most favorable with a bar-
riers of about 6 kcal/mol. The least favorable isomerization reaction
is DPA1 ?;DPA4 with a barrier of 14.8 kcal/mol. Experiments of DPA
in the gas phase are long overdue, and we expect that our predictions
may lead to future experiments.

Clear differences exist between the vibrational spectra of the
crystal-forming monomers of DPA (4, 5, and 6) and the lower en-
ergy monomers (1, 2, and 3) which we theorize to only exist in va-
por and liquid phases. The most evident difference is the much
larger IR intensity of the O–H scissoring modes at 1420 and
1440 cm�1 for the 1, 2, and 3 isomers. Another important differ-
ence appears for the C–H scissoring modes at 1160 and
1200 cm�1 which are more intense for the crystal-forming mono-
mers than for the 1, 2, and 3 forms. We predict that only DPA4,
DPA5, and DPA6 can aggregate in supramolecular linear chains.
When these chains are laid parallel lengthwise on a plane, we have
demonstrated that planar sheets are stable, well bound 2-D
structures.

The crystal forming DPA4, DPA5, and DPA6 originate three crys-
tal polytypes, all three being lattices formed by stacking DPA
sheets. These three crystals are basically degenerate in energy.
Their orthorhombic crystal structure is quite similar and all three
polytypes are insulators. DPA5 and DPA6 crystals have been men-
tioned in the literature [17,16]. The three now confirmed crystal
structures of DPA4, DPA5, and DPA6 deserve future experimental
study. During the first step of germination, spore-specific DPA is
released [43]. Speculating that different markers may be devised
with these three crystalline polytypes, our predictions may help
with tailoring DPA for measuring the specificity of germinated
spores. The three neutral isomers DPA1, DPA2, DPA3, now con-
firmed to be stable structures, may be source of alternative zwit-
terion structures displaying hypochromism or hyperchromism
[19] since their electron affinity is three times larger than the elec-
tron affinity of the crystal-forming isomers.
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