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ABSTRACT: Time-dependent density functional theory (TD-DFT) was used to
investigate the relationship between molecular structure and the one- and two-
photon absorption (OPA and TPA, respectively) properties of novel and recently
synthesized conjugated energetic molecules (CEMs). The molecular structures of
CEMs can be strategically altered to influence the heat of formation and oxygen
balance, two factors that can contribute to the sensitivity and strength of an explosive
material. OPA and TPA are sensitive to changes in molecular structure as well,
influencing the optical range of excitation. We found calculated vertical excitation
energies to be in good agreement with experiment for most molecules. Peak TPA
intensities were found to be significant and on the order of 10> GM. Natural
transition orbitals for essential electronic states defining TPA peaks of relatively large
intensity were used to examine the character of relevant transitions. Modification of
molecular substituents, such as additional oxygen or other functional groups,
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produces significant changes in electronic structure, OPA, and TPA and improves oxygen balance. The results show that certain
molecules are apt to undergo nonlinear absorption, opening the possibility for controlled, direct optical initiation of CEMs

through photochemical pathways.

B INTRODUCTION

There has been an increasing effort to understand the factors
influencing two-photon absorption (TPA). Investigations have
included a wide variety of molecular structures ranging from
dipolar and quadrupolar structures'~'® to multimeric complex
structures.'' ! Conjugated energetic molecules (CEMs) are a
recently developed class of materials combining the optical
properties of carbon-based conjugated organic molecules with
the high nitrogen content typically found in high explosives
(HEs). Recent publications have detailed the synthesis of
various CEMs.”>”>” The large numbers of C—N and N-N
bonds in CEMs increases their heats of formation compared to
those of conventional carbon-based conjugated molecules, thus
making them energetic.28 The resulting high heats of formation
and strong light-absorbing properties make CEMs promising
candidates for applications in the direct optical initiation of
photoactive HEs.”” Measuring the nonlinear optical properties
of HE:s is difficult, however, because of practical considerations.
Herein, we report a study of the optical properties of these
molecules with variations in their chemical structure to find
design principles for further developments.

Most HEs are nitramines, which absorb in the ultraviolet
range, making it difficult to develop stable HEs that can be
resonantly excited using standard lasers. The conventional
optical initiation mechanisms require high laser intensities and
proceed through indirect mechanisms such as thermal or shock
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processes.”’ "> On the other hand, CEMs can have cross
sections for both one-photon absorption (OPA) and TPA in
optical ranges so that these processes can be excited by
conventional lasers. Excitation of these active electronic states
could lead to decomposition through a photochemical pathway.
This process is herein termed direct optical initiation.””** TPA
response is of particular interest for the direct optical initiation
mechanism because it provides a means to select the low
frequency range and intensity of light to ignite the explosive.
TPA properties of conjugated high-N molecules, however, have
not been examined to date.

It is well-known that molecular structure influences the TPA
response of carbon-based conjugated organic materials."”"
Molecular structure is also essential in determining the overall
performance of an HE. Functionalization of a core framework is
often used to achieve the desired oxygen balance and improve
the heat of formation, influencing the sensitivity and strength of
the HE*® In this study, we seek to determine structure—
property relationships of CEMs using time-dependent density
functional theory (TD-DFT)** to understand the effects that
variations in molecular structure have on OPA and TPA,*
particularly with the addition of functional groups such as NO,,
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Figure 1. Chemical structures of conjugated energetic molecules.

NH,, and O typically used to fine-tune the oxygen balance and
heat of formation. This could lead to a tailored-design for future
energetic materials with desired TPA responses.

B METHODS

Theoretical predictions of TPA cross sections can be obtained
using the extension of adiabatic TD-DFT to nonlinear optical
response calculations.” TD-DFT offers a resonably accurate
and computationally feasible method for calculating the optical
responses and excited-state electronic structures of large
molecular systems.*>*” In this work, we used TD-DFT to
calculate the OPA and TPA cross sections of the CEMs shown
in Figure 1.

To obtain theoretical predictions for the one- and two-
photon cross sections, optimized ground-state geometries were
computed using Hartree—Fock (HF) theory and a 6-31+G*
basis,”® whereas vertical excitation energies were computed
using TD-DFT and the B3LYP functional® with a 6-31G(d’)
basis. Although it has been reported that HF geometries are less
accurate than DFT geometries when compared to experimental
data, the HF and TD-B3LYP combination has produced
qualitatively accurate linear and nonlinear optical spectra over a
wide range of molecular sizes for conjugated organic
materials.” *** All quantum-chemical calculations were done
in the Gaussian 03 and 09 software packages.*”** TPA cross
sections were calculated from the TD-DFT results following ref
35. These calculations require a broadening parameter for a
Lorentzian line shape, which we choose to be 0.06 eV; a
reasonable value at room temperature for this family of
chromophores.

Natural transition orbital (NTO) analysis of the electronic
transitions dominating TPA was performed. NTOs offer the
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most compact, qualitative representation of a specified
transition density expanded in terms of single-particle
transitions.*> Therefore, NTOs provide a useful way to assign
the transition character as either 7—7*, charge transfer (CT),
or a mixture of the two. Figures showing optimized molecular
geometries and NTOs were obtained with the Avogadro
program.**

Oxygen balance (OB%) provides a measure of the degree to
which a material can be oxidized. In the case of HEs, we have
defined it as the percentage of oxygen required for complete
oxidation of carbon, hydrogen, and metal to form their
respective oxides. The CEMs analyzed in this work do not
contain metal atoms, allowing the oxygen balance to be
computed as

OB% = —1600(2X +1ly_ Z)/M
2 (1)

where X, Y, and Z refer to the number of carbon, hydrogen, and
oxygen atoms, respectively, and M is the molecular weight of
the compound. The optimal performance is generally achieved
as OB% approaches zero.

Experimental extinction coefficients €™ (M indicates
measured) were determined from absorption spectra recorded
with an HP 8453 Agilent UV—vis spectrometer. Materials were
dissolved in solutions of acetonitrile at concentrations on the
order of 10™* M. The extinction coefficient was determined
from the average of three solutions. A calculated extinction
coeflicient € was determined from the results of TD-DFT
calculations using the equation
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Figure 2. Experimental extinction coefficients determined in acetonitrile for groups I-IV of the molecules given in Figure 1.
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where Q is photon energy; e is the electron charge; N, is
Avogadro’s number; h is Planck’s constant; €, is the dielectric
permittivity of vacuum; y is a broadening parameter chosen
here to be 0.1 eV; and f(; and Q, are the oscillator strength and
transition energy, respectively, for the transition from the
ground state to state i.

B RESULTS

Calculated maximum OPA energies and extinction coefficients
were compared to experimental values from spectra given in
Figure 2. Data for calculated OPA and TPA and experimental
extinction coeficients are summarized in Table 1. Whereas
experiments were performed in solutions of acetonitrile, all
simulations were performed in the gas phase. This can give a
disagreement of up to 0.5 eV in transition energies, being
mostly systematically red-shifted, and can affect the calculated
extinction coefficients.”> For all molecules with experimental
data, we found that the relative vertical excitation energies and
extinction coeflicients were in good agreement. This gives us
confidence in the accuracy of our calculated TPA results, for
which no experimental data exist. Previous studies have shown
that TPA cross sections simulated by this method provide
results comparable to experiment.’ Notably, for simulations of
TPA spectra, only the relative energies are of importance.®
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The molecules were categorized into four groups (Figure 1).
Group I includes molecules 1—4;,>% %roup II, 5—8; group III,
9-11;** and group 1V, 12—14.27%" Results of simulated
spectra were compared across all groups and then within the
framework of variations in chemical structure. We note here
that we discuss only TPA frequencies below the first one-
photon transition energy. One-photon resonances and excited-
state absorptions do not allow for the evaluation of TPA
overlapping with linear absorption spectra. Thus, TPA peaks
that shift above this frequency after changing chemical structure
might be absent and are therefore not discussed.

Group l. Group I consists of molecules with a bicyclic
framework that vary in the number of O substituents and,
therefore, in oxygen balance. Optical spectra are given in Figure
3. The simulated OPA of 1 has three peaks, approximately
evenly spaced, the lowest of which is centered at 2.7 eV. A
single O substituent raises the OPA energies in 2, whereas two
and three O substituents produce a peak at ~3 eV in 3 and 4,
respectively. The positions and magnitudes of the higher-
energy peaks vary with different numbers of O substituents.

The TPA intensity of 1 is small, although a larger, higher-
energy peak cannot be ruled out because it might be outside of
the spectral window. NTO analysis (Table S1 in the Supporting
Information) shows two-photon-active excitations of 1 and 2
having predominantly 7—z* character. A high-energy peak
occurs in 2 at 110 GM. The low-energy TPA peak
corresponding to the lowest OPA peak is absent in 1 and is
very small in 2, but occurs in 3 at 20 GM. This peak decreases
to 7 GM in 4. A high-energy peak occurs in 3 with a magnitude
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Table 1. Summary of Calculated and Measured (M) Results for One-Photon and Two-Photon Absorption Cross Sections”

Hgg (D)

6.31

7.17

7.88

6.87

5.36

4.93

6.50

S5.74

4.23

3.52

2.75

Qopa (EV)

2.72
3.78
4.74

4.02
441
5.80
6.42

3.00
4.40
4.77

3.12
3.94
4.75
5.29

323
445
525

5.69
5.90
3.15
3.67
4.42

5.33

4.13
4.51

5.41
3.08
3.68
4.30
4.86
4.56
5.08

572

5.45
6.00

5.02
5.70
3.01
3.97

4.88

5.49

€max (L mol™! cm™)

1.5 x 10°
9.8 X 10°
2.4 x 10*

1.0 x 10*
47 x 10*
2.3 % 10*
2.7 X 10°

42 x 10*
6.6 X 10°
8.6 x 10*

4.0 x 10*
2.7 x 10*
12 x 10°
6.7 X 10*

1.1 x 10°
7.4 % 10*
1.3 x 10*

1.0 x 10°
1.0 x 10°
4.8 x 10*
3.5 x 10*
3.6 x 10*

3.4 x 10*

1.6 x 10°
2.8 X 10*

1.1 x 10°
4.8 x 10*
6.0 x 10*
3.4 x 10*
2.1 x 10*
69 x 10°
2.9 x 10*

12 x 10°

7.5 % 10*
1.5 x 10°

2.7 X 10°
8.50 x 10*
6.4 x 10*
5.0 x 10*

3.1 x 10*

1.9 x 10°

QI(\)APA (EV)
3.13
4.18
4.79

3.98
4.77

2.81
4.50

3.61
4.70

2.81
391
4.75

4.70

4.63

4.68

M. (L mol™! em™)

Molecule 1
1.0 X
1.3 X
1.6 X
Molecule 2
3.1 X%
39 X

Molecule 3
2.0 X
5.7 X

Molecule 4

Molecule §
6.3 X
6.6 X

Molecule 6
4.5 X
32 X
4.6 X

Molecule 7

Molecule 8

Molecule 9

9.6 X

Molecule 10

9.4 X

Molecule 11

7.1 X

Molecule 12
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10°
10°
10°

10°
10°

10°
10°

10°
10°

10°
10°

10°

10°

10°

Qrpy (eV)

4.74

6.76—6.78

3.00
4.40

4.93—4.97

3.12

3.91-3.94
4.70—4.75
5.28—-5.32

4.54—4.57
5.2

5.50-5.53
5.66—5.69
5.82—5.85

3.15
3.67
442

4.48—4.51
5.19-5.24
5.33—-5.46

3.08
3.68

4.26—4.30
4.86

5.57-5.72

5.47

5.98—6.02

5.45-5.60

4.90
5.20

a5 (GM)

110

20
20

110

10
20

10
20

10

20

40
130
200

30
70
60

40

20

17

10

191
265

type

n—n*

n—r*

a—n*/CT
n—n*/CT

n—n*/CT

n—n*/CT
n—n*/CT
n—r*

n—n*/CT

n—n*/CT
n—n*/CT
n—n*/CT
a—n*/CT
n—n*/CT

n—n*/CT
n—n*/CT

n—r*

n—n*
n—n*/CT
a—n*/CT

n—n*/CT
n—n*/CT

m—n*/CT
n—n*/CT

n—n*/CT

n—n*/CT

a—n*/CT

a—n*/CT

n—r*

n—n*
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Table 1. continued

Hgg (D) Qopa (eV) €max (L mol™! cm™) QMa (eV) M. (L mol™! em™) Qrpa (eV)
Molecule 13
4.00 223 1.8 x 10° 247 9.9 X 10*
3.82
4.30 1.5 x 10* 3.84 49 x 10°
Molecule 14
4.94 3.00 5.9 x 10° 291 5.7 x 10° 3.00
324
345 47 x 10* 3.54

5™ (GM) type
2 CT
2 CT/mn—n*
2 CT/n—n*
2 CT

“Ground-state dipole moments i, absorption energies Qqpy, extinction coefficients €,,,,, TPA energies Qrp,, maximum TPA cross sections 3™,
and qualitative characterization of the one-photon- and two-photon-active excited states based on NTO analysis.
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Figure 3. (Bottom) OPA and (top) TPA of molecules 1—4 in group L. The energy scale for TPA is given as twice the photon energy required for

excitation so that OPA and TPA excitations can be compared.

similar to that in 2, whereas in 4, nearly evenly spaced peaks
ranging from 7 to 20 GM are present. Molecules 3 and 4 show
CT character for TPA-active transitions. For 3, this involves
transfer of electron density from the NH, groups to O and
from O to the 7 system; for 4, the same is observed for the
lower two-photon excitations, whereas higher excitations have a
more complicated description (Table S1, Supporting Informa-
tion).

Group Il. Group II has two different bicyclic frameworks
that vary in terms of the number of N atoms and the placement
of a NO, substituent. Each framework is further varied by the
presence or absence of an O substituent. Optical spectra are
given in Figure 4. The simulated OPA spectra show peaks
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between 4 and 6 eV in the entire series, and in both types of
bicyclic frameworks, an additional O substituent adds two
significant peaks between 3 and 4 eV. In general, the OPA
spectra are similar between the two frameworks.

TPA spectra show significant differences depending on the
core type. Molecules 7 and 8 show more intense TPA than §
and 6, despite having similar OPA maxima. The two-photon
transitions in 5 and 7 have CT character from a NO,
substituent to the bicyclic framework. Electron transfer from
a NH, substituent to the bicyclic framework occurs at higher
energy. Compared to compound 6, compound 8 shows an
additional peak occurring at ~4.7 eV. Comparing 5 to 6 and 7
to 8, the presence of an additional O subtituent produces TPA

DOI: 10.1021/acs.jpca.6b03136
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Figure 4. (Bottom) OPA and (top) TPA of molecules $—8 in group IL. The energy scale for TPA is given as twice the photon energy required for

excitation so that OPA and TPA excitations can be compared.

peaks between 3 and 4 eV and increases the intensity of the
peaks between 4 and §S eV.

Group lll. Group III has a tricyclic framework with varying
cleavage of the central ring and additional NO, substituents.
Optical spectra for this group are given in Figure 5. OPA begins
at ~4.2 eV in 9 (uncleaved ring) and ~5.5 eV in 10 and 11
(cleaved ring). TPA is relatively strong, with maxima at about
40 GM in 9 and 20 GM in 10. Compared to compound 9,
compound 10 has several transitions that contribute to the
main TPA peak. In 11, NO, substituents are attached to the
NH moiety (present after ring cleavage). The TPA intensity of
the largest peak is reduced compared to those in 9 and 10.
NTO analysis reveals CT from the NO, groups to the central
ring in 9. In 10 and 11, however, CT is from the central ring to
the NO, groups and from the NO, groups to the central ring,
respectively, highlighting the effect of adding NO, groups to
the central backbone.

Group IV. Group IV compounds have a single cyclic system
with either two N substituents (12), two fluorinated chainlike
substituents (13), or two fluorinated chainlike substituents and
two O substituents (14). Optical spectra are given in Figure 6.
In 13, OPA is at 2.2 eV and is the product of a single transition.
At ~4 eV, a second transition occurs. Additional O substituents
(14) eliminate the low-energy peak, but another appears at 3.4
eV. The simulated TPA of both molecules is low. In 13, the
peak is at ~3.9 eV at 2 GM, whereas in 14, several peaks appear
between 3.0 and ~3.36 eV with intensities of about 2.5 GM,
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respectively. NTO analysis predicts predominant CT from the
central ring system to the NO, substituents (Table SI,
Supporting Information) for these peaks. Upon replacement
of the moieties containing NO, with Nj in 12, the TPA spectral
window increases to ~5.5 eV, and a large TPA response is
observed at nearly 300 GM. This response might be present in
13 and 14, but at energies higher than the allowed spectral
window.

B DISCUSSION

These simulations predict several two-photon-active transitions
for each chromophore considered. Molecules in groups I—-III
have transitions with intensities above 10 GM, whereas TPA in
group IV is relatively weak except for a large transition in
molecule 14. These weak transitions fail to provide active TPA
because of the predominant CT character of transitions (Figure
S1 in the Supporting Information). A simplified three-level
model has been broadly used to describe TPA. It relates TPA
intensity to ﬂgezAugez, where . is the transition dipole
moment between the ground and excited states and Ay, is the
difference between the ground- and excited-state dipole
moments.'>*® Here, the transition dipole moment will be
negligible for predominant CT character; thus, partial CT is
essential for strong TPA (according to these simplified
models).

In the case of groups I and II, addition of O substituents
enhances the optical properties desirably: It increases the TPA

DOI: 10.1021/acs.jpca.6b03136
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spectral intensity and lowers the TPA peak energy. It also
serves to improve the oxygen balance of these energetic
molecules. For the CEMs analyzed here, the OB% value is
negative, indicating oxygen deficiency and incomplete oxidation
during combustion. In all cases, the OB% value is improved
(becoming less negative) with the addition of O substituents.
The oxygen balance for each molecule is given in Table 2. This
form of chemical substitution seems to have dual benefit for the
design of photoactive energetic materials. The systems in group
IV are not likely to perform well as two-photon absorbers, and
such substitutions do not seem to improve this case. The
molecules in group III show relatively strong TPA in the range
of ~6 eV. However, this photon energy is still too high for
conventional laser sources.

It might be possible to tune the optical wavelengths and
intensities of these molecules using alternative molecular
conformations. Optical spectra for local minima of molecules
10—14 are given in Figure SI. Molecular conformation is
predicted to have an effect on the location and intensity of
transitions in molecules 10 and 12, changing the transition
intensities by a factor of 2 and shifting the peaks by up to 0.5
eV. Further studies of these effects will be presented in a future
publication.

Optical initiation involves excitation of a material to a
dissociative state, thereby igniting an HE. A possible route to
selectively excite a two-photon transition uses a frequency-
doubled Nd:YAG laser. This requires relatively low two-
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photon-active energies of about 3.6 eV (twice the energy of a
532-nm photon). Several molecules have transitions near this
energy, including 3, 4, 6, and 8, and therefore show promise for
this application.

B CONCLUSIONS

The OPA and TPA of novel CEMs were simulated. The
theoretical extinction coeflicients show strong similarities to
experiment for most of the molecules. Significant TPA
intensities on the order of 10> GM are predicted for several
molecules. TPA peaks near ~3.6 eV with intensities exceeding
10 GM show promise for optical initiation. Calculated optical
spectra were compared to experiment and rationalized based on
variations in chemical structure.

Several molecules in the series had analogues with additional
O substituents. This improves the oxygen balance and increases
TPA in molecules of groups I and IL This constitutes an
important result that can improve the sensitivity and strength of
HEs. Group III was found to have TPA intensities of about 40—
50 GM but not within the spectral window of a conventional
laser. Molecules in group IV are predicted to have low TPA
intensities, which is attributed to predominant CT character of
the relevant transitions.

This computational study, supported by experimental data,
shows how the optical spectra of CEMs can be controlled by
chemical substitution. The identified design principles, found
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Figure 6. (Bottom) OPA and (top) TPA of molecules 12—14 in group IV. The energy scale for TPA is given as twice the photon energy required

for excitation so that OPA and TPA excitations can be compared.

Table 2. Numbers of Oxygen Substituents (Ng) and
Calculated Oxygen Balances (OB%) for Molecules in Each
Grouping

molecule No OB%
Group I
1 0 =579
2 1 —41.5
3 2 —28.2
4 3 —-17.2
Group II
S 0 -354
6 1 —26.4
7 0 —29.6
8 1 —22.4
Group IIT
9 0 —182.2
10 0 =37.5
11 0 —4.6
Group IV
12 2 —-16.6
13 0 -7.6
14 2 16.32

by comparing simulated properties and chemical structures, will
be useful for the further design of CEMs. Through future
studies of dynamic properties of photoexcited CEMs, design
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principles that support the branching ratios of photochemical
pathways will be examined.
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