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Abstract

We investigate the isomerization enthalpy
of the Dihydroazulene/Vinylheptafulvene
(DHA/VHF) molecular photoswitch system
derivatives using electronic structure calcu-
lation methods including Density Functional
Theory (DFT), Quantum Monte Carlo (QMC)
and Coupled Cluster (CCSD(T)). Recent ef-
forts have focused on tuning the isomerization
enthalpy of the photoswitch for solar thermal
energy storage applications using substitutional
functional groups on its five and seven mem-
bered carbon rings, predominantly using DFT
for the energy predictions. However, using the
higher accuracy QMC and CCSD(T) methods,
we show that in many cases DFT incorrectly
predicts the isomerization enthalpy and the
errors depends on the functional groups sub-
stituted and the choice of the DFT functional.
Isomerization of the DHA to VHF molecule is
a ring-opening reaction on the five membered
ring of the DHA isomer. We find that the DFT
errors are correlated to the ring-opening reac-
tions of cyclobutene and cyclo-1,3-hexadiene,
such that the DFT error changes monotonically
with the size of the carbon ring, although QMC
and CCSD(T) results are in a good agreement
irrespective of the ring size. Using the QMC
and CCSD(T) isomerization enthalpies, we pre-

dict gravimetric energy densities of the DHA
derivatives for solar thermal storage applica-
tions. Our results show that suitable substitu-
tions on DHA can yield gravimentric storage
densities as large as 732 kJ /kg.

1 Introduction

Photoswitchable molecules undergo light in-
duced isomerization that changes their physi-
cal properties including light absorption prop-
erties, electrical conductivities and refractive
indexes.’™* Among the many characterized
photoswitches,* azobenzene®® and norbornadi-
ene'® 13 have recently gained renewed interest
as a renewable, closed-cycle solar thermal stor-
age material. All photoswitchable molecules
can be considered as a potential solar ther-
mal storage material, with the key metrics be-
ing: large isomerization enthalpy (AH), small
molecular weight (or volume), well separated
optical absorption bands for the photo-isomers,
high forward quantum yield and high fatigue
resistance.®

Compared to the well studied photoswitches,
the dihydzoazulene/vinylheptafulvene (DHA /
VHF) couple holds great promise for its appli-
cation as a solar thermal energy storage ma-
terial, thanks to its light absorption proper-
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ties. The maximum optical absorption band
is around 360 nm for DHA and 470 nm for
VHF.' As shown in Figure 1, DHA, 1a, un-
dergoes a ring opening reaction to form s-cis-
vinylheptafulvene (s-cis-VHF, 1c). Then s-cis-
VHEF can convert to s-trans-vinylheptafulvene
(s-trans-VHF, 1le) via a cis-trans isomeriza-
tion. The conversion from DHA to VHF is
an example of one-way photochromism mean-
ing that the forward reaction can be photoin-
duced while the reverse reaction proceeds only
with thermal activation.!®1® This strictly one-
way photochromism is due to a conical intersec-
tion near the s-cis-VHF conformation between
the ground and first excited states which leads
to high forward quantum yields. '6

DHA /VHF derivatives can be a more efficient
solar thermal storage material than azobenzene,
due to its favorable quantum yield. In DHA,
the forward (ring opening) reaction can occur
with a high quantum yield measured from 0.1
to 0.6 at room temperature, depending on the
substitutions. In comparison, the trans to cis
quantum yield of free azobenzene molecule in
solution is nearly 0.2,'7 but it can further be
reduced up to 15-fold in highly packed environ-
ments.'® It was shown that when azobenzene
and DHA molecules are packed on Au{l11}
surface and compared for their conversion ef-
ficiencies under identical conditions, azoben-
zene molecules yielded an order of magnitude
lower conversion efficiency compared to DHA
molecules. ¥

A number of experimenta and com-
putational 132426 efforts have focused on tun-
ing the switching properties of DHA /s-trans-
VHF system with the attachment of functional
groups. Although the absorption properties of
both of the isomers, the reverse activation en-
ergies of the metastable isomers and the pho-
toswitching fatigue resistances have been stud-
ied experimentally, to our knowledge, there has
been no effort to quantify their AH using ex-
perimental techniques.

Density functional theory®? (DFT) is a
widely used computational method to predict
the optical and thermodynamic properties of
bulk and molecular systems including molecular
photoswitches. In DFT, electron-electron inter-

114,15,20723

actions are treated in a mean-field manner using
the exchange-correlation interactions. Despite
the approximate treatment of the exchange-
correlation functional, DFT calculations can
usually be useful in identifying the important
energetic trends between similar structures.
However, Olsen et al.?* showed that, among the
DFT functionals they investigated, M06-2X3°
is the only functional that provides qualita-
tively correct results for the iAH of DHA /VHEF.
They also showed that the B3LYP3! functional
yields a qualitatively inaccurate ordering, as
also noted in other works investigating differ-
ent DHA derivatives.?® In addition to these re-
sults, we find that the PBE?? functional pre-
dicts DHA and s-trans-VHF to be nearly iso-
energetic (see Table 1). The discrepancies be-
tween the DFT results is further calling into
question the accuracy of DFT calculations for
these compounds. Beyond determining which
functionals provide quantitative or qualitative
accuracy, it is also of interest to understand why
a given DF'T functional is predictive or not for
their AH.

In cases where DFT accuracy is questionable,
the physical properties of interest can be cal-
culated with many body methods where elec-
tron correlation is treated explicitly. Quan-
tum Monte Carlo333% (QMC) refers to a fam-
ily of statistical methods for approximating a
solution to the many-body Schrédinger equa-
tion in a way that explicitly accounts for both
the antisymmetry of the many-body wavefunc-
tion (exchange) and electron correlation. Al-
though QMC is a high accuracy alternative to
DFT,? it is computationally much more ex-
pensive. QMC has a scaling of O(N?), where
N is the number of electrons, similar to DFT,
but the scaling prefactor is nearly 1000 times
larger. Another high accuracy approach that
can be applicable for these systems and proper-
ties is coupled cluster with singles, doubles and
non-iterative triples,®> CCSD(T). CCSD(T) is
known as the ”"gold standard” for quantum
chemistry calculations. However, application
of CCSD(T) calculations is usually limited to
smaller molecules due to its scaling of O(N7).
Therefore, in the absence of quantitative exper-
imental data for the DHA/VHF isomerization
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17 Figure 1: Ground state potential energy surface for the DHA/VHF photoswitch system. Ground
ig state, metastable state and transition state structures are enumerated from la to le. AH; is the
20 energy difference between the ground state and lowest energy metastable state, DHA and s-trans-
21 VHF. AE, is the back reaction activation barrier.
22
23 Table 1: Energy differences in vacuum at 0 K for the structures on the ground state
gg potential energy surface (given in Figure 1) of DHA /VHF isomerization.
g? HEF LDA PBE B3LYP PBE0 M06-2X CAM-B3LYP wB97XD DMC  Exp.
28 AHy, 1. 045 037 0.09 0.02 0.33 0.24 0.33 0.43 0.41(6)
29 AHye—y. -0.11 -0.03 -0.07 -0.07 -0.07  -0.06 -0.06 -0.07  -0.09(6)
32 AH, 0.34 034 002 -0.05 026  0.18 0.27 0.36  0.32(6) >0
32 E. 1.48 083 0.96 1.11 1.1 1.15 1.25 1.24 1.31(6) 1.39%7
33
34
35 enthalpy, QMC and CCSD(T) methods can be performed calculations. In Sec. 3 we present
36 used to assess the accuracy of DFT methods. and discuss our results. Specifically, in Sec.
37 In this work, we therefore investigate 3.1, benchmark calculations are presented us-
gg DHA /VHF isomerization using both the QMC ing DFT, CCSD(T) and DMC methods on the
40 and CCSD(T) methods to benchmark and an- DHA/VHF isomer. In Sec. 3.2.1, the DFT er-
41 alyze the DFT results. On the basis of these rors in DHA /VHF isomerization is compared to
42 results, we address several questions such as (1) the ring-opening isomerizations in cyclobutene
ji What chemical transformations on the ground and 1,3-cyclohexadiene. Sec. 3.3 focuses on
45 state potential energy surface of DHA /s-trans- the effect of the substitutions on the DFT er-
46 VHF isomerization are responsible from the rors in DHA/VHF isomerization, whereas in
a7 errors in the AH? (2) Are these DFT errors in  Sec. 3.4 we investigate which component of the
jg the AH only present in DHA /VHF isomers or DFT functionals lead to inaccurate results and
50 do they translate to other molecules that also in Sec. 3.5 we discuss the energy storage capac-
51 undergo ring opening isomerizations? (3) How ity of DHA derivatives for solar thermal storage
52 does DFT perform when different substitutions applications. Sec. 4 comprises summary and
gi are performed on the DHA/VHF system? (4) conclusions.
55 What energy component of the B3LYP and
56 PBE functionals are responsible for the given
57 AH errors?
o8 The paper is organized as follows: In Sec. 2
59 . . .
60 we summarize the computational details of the
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2 Computational Methods

DFT calculations?? 323739 are performed as im-
plemented in the Gaussian 09° code using an
all electron gaussian basis. We report DFT,
QMC and CCSD(T) energies at 0K in vacuum,
without zero point energy contributions. Ge-
ometries of all DHA derivatives investigated
in this work are optimized starting from the
experimental coordinates obtained from X-ray
diffraction?! of the DHA derivative given in
Figure 1, using the 6-31+G* basis. However,
the final DFT energies are reported after sin-
gle point calculations with the 6-3114++G** ba-
sis. A transition state search is performed using
the Berny algorithm.*? Internal reaction coordi-
nate calculations are performed, starting from
the transition state, to confirm that the result-
ing reaction path starting from the transition
state leads to both reactants and products. For
each DFT method investigated in this work,
geometries are optimized within each method.
However, when components of the total en-
ergies are investigated (in Sec. 3.4) and for
QMC and CCSD(T) calculations, the coordi-
nates optimized with the B3LYP functional are
used. In previous studies, B3LYP functional
has been shown to yield accurate geometries
for DHA/VHF derivatives.?* CCSD(T) calcu-
lations are performed with the frozen core ap-
proximation using an aug-cc-pvdz basis and
extrapolated to the basis set limit using the
MP2%3 aided extrapolation recipe by Truhlar, 44
as the sizes of the molecules were too large
to perform triple or quadruple zeta basis cal-
culations at the CCSD(T) level. CCSD(T)
and MP2 calculations are performed with the
NWCHEM? package.

The AH of the DHA/VHF isomerization can
depend on the solvent polarity, therefore any
solvation effects must be considered in the cal-
culations to make more reliable comparison
with respect to experimental results. Using
DFT and an implicit solvation method, % Olsen
et al. showed that polar solvents, for example
acetonitrile, increase the stability of s-trans-
VHF more strongly compared to DHA.?* Ex-
perimentally, DHA is known to be more sta-
ble than VHF when acetonitrile is used as the

solvent, therefore under vacuum, it is expected
that the sign of the AH remains the same. In
the Supplementary Information(SI), Figure S3,
we also find that AH of DHA/VHF isomer-
ization changes at an almost uniform quantity
with the implicit solvation method, when dif-
ferent DFT functionals are benchmarked. Since
the added solvation energy depends only weakly
on the DFT functionals, in order to understand
the errors in DFT methods, their energies can
be benchmarked against QMC and CCSD(T)
results calculated at the vacuum conditions.

We perform QMC calculations in three main
steps. First, we obtain trial wave functions in
the form of Slater determinants from the single
particle orbitals of the DFT calculations. Sec-
ond, the trial wavefunction is optimized using
variational Monte Carlo (VMC) to obtain a pa-
rameterized form of many body trial wavefunc-
tion with Jastrow factors. VMC calculations
can typically recover 60-90% of the total valence
correlation energy.®® Third, diffusion Monte
Carlo (DMC) calculations are carried out to re-
cover the remaining correlation energy and pro-
vide highly accurate thermochemistry results.
High energy electronic configurations are fil-
tered out in the infinite time limit through the
Monte Carlo ensemble, hence the true many-
body ground state is obtained. All QMC calcu-
lations mentioned in this work are performed
at the DMC level, using the CASINO pack-
age.”l We test multiple scenarios where differ-
ent DF'T methods are used to optimize molec-
ular geometries and Slater determinants, and
find differences in the AH to be no larger than
0.05 eV, indicating that there is efficient error
cancellation in the fixed node approximation of
DMC wavefunctions. We generate trial wave-
functions, Ur(R), using PBE with Burkatzki-
Filippi-Dolg pseudopotentials.®? DMC calcula-
tions are performed using a 0.01 a.u time step
and the Casula T-move scheme® with a sym-
metric branching algorithm. An statistical er-
ror bar of 0.001 Ha (0.027 eV) is achieved
in each DMC calculation, such that a typical
DMC run for the molecules considered here
takes slightly longer than 50000 steps using
2400 walkers.
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g cyclobutene cis-1,3-butadiene trans-1,3-butadiene 1,3-cyclohexadiene gauche-1,3,5-hexatriene cis-1,3,5-hexatriene
10 \ 2a 2b 2c / \ 3a 3b 3c -
E Figure 2: Cyclobutene, 2a-c, and 1,3-cyclohexadiene, 3a-c isomers studied in this work. Through
13 the ring opening isomerization reaction, cyclobutene converts into s-trans-1,3-butadiene, whereas
12' 1,3-cyclohexadiene converts into s-cis-1,3,5-hexatriene.

i? Table 2: Energy differences (in eV) between the isomers of cyclobutene and 1,3-
18 cyclohexadiene on the ground state potential energy surface of ring opening isomer-
19 izations.

20

21 HF LDA PBE B3LYP PBE0 M06 CAM-B3LYP TPSSH DMC CCSD(T) Exp.
5:23 Cyclobutene, 2a

o4 AHa_op 0.138 0.151 0.157 0.153 0.147 0.128  0.132 0.154  0.14(6)

gg AHs. 94 0.636 0.199 0.418 0.616 0.326 0.392 0.494 0.427 0052(2(15)4{7 09;1478924’8 0.458(6)47
gg Cyclohexene, 3a

29 AHg._3p 0.37 0.43 0.439 0.432 0.412 0.363 0.372 0.435 0.32(6)

32 AHs,_3, ~0.556 -1.000 -0.626 -0.483 -0.800-0.708  -0.684  -0.584 -0.73(8) 0071%%18 -0.70(13)4
32

33

gg 3 Results and Discussion predicted by the B3LYP and PBE functionals
36 since B3LYP yields a negative AH; and PBE
37 3.1 Benchmark DFT calculations predicts DHA and s-trans-VHF to be almost
> on DHA/VHF ground state ISXTnergetlc- '

20 isomerization reaction path though these stralghtforward rgsults are
41 useful to understand which DFT functionals are
42 We start our analysis by benchmarking DFT more useful to further study DHA/VHF deriva-
ji energies of DHA /s-transVHF isomerization. In tives for example, they provide limited infor-
45 Table 1, we show the results of the first set mation regarding the source of DFT errors in
46 of benchmark calculations we performed on these systems. Therefore we split the reaction
47 the DHA molecule shown in Figure 1. The path into two by investigating DHA /s-cisVHF
48 structures la-e are ordered from left to the and s-cisVHF /s-transVHF isomerization ener-
gg right on the reaction coordinate on the fig- gies separately. As shown in Figure 1, these
51 ure. For many practical applications, the most two isomerization possess different chemical
52 significant quantities on the reaction path are changes. While DHA /s-cis-VHF isomerization
53 the s-trans-VHF /DHA isomerization enthalpy, is a ring-opening isomerization, s-cis-VHF/s-
gg AHye 14, = Hie — Hi, (=AH;), and the back trans-VHF isomerization is a cis-trans isomer-
56 reaction barrier AHy,_1. (AE,). As discussed ization. Table 1 shows our results for the sta-
57 previously in Sec. 2, AH; must be larger than  bility of DHA relative to s-cis-VHF, AH;,_1.,
58 zero under vacuum conditions. Compared to stability of s-cis-VHF relative to s-trans-VHF,
28 the experimental results,'® AH; is inaccurately AHj._1. and also the back reaction barrier from
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s-cis-VHF to DHA, AHy,_1.(=E,). We show
that the variation among the DFT methods
is less than 0.08 eV for AH;. 1., and when
Hartree-Fock (HF) and Local Density Approxi-
mation (LDA) results are disregarded, this vari-
ation further reduces to 0.01 eV. All the DFT
functionals yield s-trans-VHF to be more stable
compared to s-cis-VHF. However, for AHq,_1.
the DFT results vary from 0.02 to 0.45 eV. In
comparison, disregarding HF and LDA results
does not change the outcome significantly, as
the range becomes 0.02 to 0.43 eV. This sug-
gests that for DHA/VHF isomerization, DFT
functionals yield larger variations during the
ring opening reaction as opposed to the cis-
trans isomerization of VHF'.

3.2 Correlation of DFT errors in
ring-opening isomerizations

3.2.1 Cyclobutene and 1,3-cyclohexadiene

In Sec. 3.1, we have shown that the AH for ring
opening isomerization (DHA /s-cis-VHF) leads
to larger variations among the DFT results
compared to the cis-trans isomerization be-
tween s-cis-VHF /s-trans-VHE. Although this
result is useful to study the DHA/VHF iso-
merization further, understanding if these DFT
errors persist in other compounds that un-
dergo ring opening isomerization can be more
useful for a larger scientific community. Al-
though a large variety of photoswitches are
known to undergo ring opening isomerizations,
such as diarylethenes,! fulgides® and spiropy-
rans,* we focus on the ring opening isomer-
ization in cyclobutene and 1,3-cyclohexadiene
(Fig. 2). There are three main reasons for
choosing cyclobutene and 1,3-cyclohexadiene
over other compounds: 1) Cyclobutene and
1,3-cyclohexadiene motifs are present in many
natural and synthetic compounds that un-
dergo electrocyclization reactions,®® therefore
they can be studied as proxies for larger sys-
tems that undergo similar chemical changes.
Electrocyclization reactions are the reverse of
the ring opening reactions, where a m bond
is broken and a o bond is formed, hence
the ring geometry is attained. These reac-

tions can be classified based on the number of
7 electrons involved in the reaction. There-
fore, cyclobutene and 1,3-cyclohexadiene can
be considered as the most basic examples of
47 and 67 systems respectively. 2) Studying
cyclobutene and 1,3-cyclohexadiene is not only
efficient from the computational cost perspec-
tive, but it also removes any possible substitu-
tion effects on the AH, as these molecules are
simple hydrocarbons. 3) Furthermore, ground
state potential energy surface of cylobutene and
1,3-cyclohexadiene ring opening reactions have
been studied extensively using experimental
techniques, making it straightforward to evalu-
ate the accuracy of the computational methods.

In Table 2, we show the AH obtained
for several isomers of cyclobutene and 1,3-
cyclohexadiene using DFT functionals. For
both cyclobutene and cyclohexane, the ring
opening isomerization occurs between ring
(cyclobutene and 1,3-cyclohexadiene) and
cis (s-cis-1,3-butadiene, 2b and s-cis-1,3,5-
hexatriene, 3b) conformations. However, ex-
perimental AH for cyclobutene are only avail-
able between s-trans-1,3-butadiene, 2c, and
cyclobutene, whereas for 1,3-cyclohexadiene, it
is available between 1,3-cyclohexadiene (3a),
s-cis-1,3,5-hexatriene (3c) and s-trans-1,3,5-
hexatriene. "4 Therefore, even though the
ring opening occurs between the ring and s-
cis conformations, in order to compare with
the experiments, we study the s-trans (or s-
cis) conformations as well. In Table 2, we
show that AHs. o, and AHs. 3, are predicted
using different DFT functionals with almost
uniform accuracy. These enthalpies correspond
to cis-trans isomerizations and the result that
we have in here is consistent with the result
that we had for cis-trans VHF isomerization in
Sec. 3.1. AHs. o, ranges between 0.13-0.16 eV,
whereas AHs. 3, ranges between 0.36-0.44 eV
using different DFT methods. The DMC re-
sults for these reactions are 0.14(6) and 0.32(6)
eV, respectively. However, for the trans to
ring isomerization in cyclobutene, AHs._5,, we
find that the DFT results vary between 0.20-
0.64 eV. Similarly for cyclohexane DFT results
vary between -0.57 to -1.09 eV for the cis to
ring isomerization enthalpy, AHs._3,. Thus,
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1 7 2 8!;1(;3 1CN 7 2 Bat" 1H

. O (1

3 4 3 benzonitrile group 572 8

4 a) 2-(4-cyanophenyl)azulene b) 1,8a-dihydroazulene, 4a-H

5 -1,1(8aH)-dicarbonitrile, 1a

? Figure 3: DHA derivatives that are used in this
8 study, shown with the atom numbering on the
20 DHA backbone. In (b), -H groups colored in
11 red indicate the site of substitutions using the
12 functional groups listed in Figure 5.

13

14

15 similar to the ring opening in the DHA-VHF
16 isomerization, the ring opening reactions in
ig cyclobutene and cyclohexane lead to a larger
19 deviation between DFT results compared to
20 cis/trans isomerizations.

21

2 3.2.2 DHA derivatives without the ben-
24 zonitrile functional group

Sg It is known that different functional groups on
27 the DHA molecule can modify the isomerization
28 enthalpies, especially the substitutions on the
ég ring opening moiety. 13142426 In the la deriva-
31 tive of DHA, there are two cyanide (-CN) func-
32 tional groups in the ring opening moiety (On
33 the carbon atom numbered as 1 in Figure 3a).
34 Therefore, in order to eliminate effects of the
gg substitution from the cyanide groups on the
37 DHA molecule while making comparisons to
38 cyclobutene and 1,3-cyclohexadiene, we exam-
39 ine a derivative of DHA, 4a-H, where the two
22 cyanide (-CN) groups on these carbon atoms
42 are substituted with -H and the benzonitrile
43 group is removed from the five membered car-
44 bon ring. The overall substitution scheme is
jg shown in Figure 3a-b. We use the notation 4a-
47 R, where -R is the functional group used to
48 substitute the -H atoms represented in red in
49 Figure 3b. There are two main reasons for do-
22 ing this: (1) we show that (in the SI), removing
52 the benzonitrile group has only a small effect
53 on the isomerization enthalpy, such that the iso-
54 merization enthalpy between DHA and s-trans-
gg VHEF conformations changes by less than 0.05
57 eV upon removing the benzonitrile functional
58 group. (2) Performing CCSD(T) calculations
2(9) on the DHA derivatives with the benzonitrile

The Journal of Physical Chemistry

functional group takes significanly longer time,
due to its unfavorable scaling, O(N).

o T o
> %l.ug | <
™M am m (a)
faa) o= a |
0.6 1 1 : :
1 1 | I | 1 1
04 | Vo ; a
1 1 | I | 1 ”l
; 1 [ | ’/r
0024 N T -e- 4aCN
'600 1 —_1 A 2a
5 B N e , I“A ............. I..../..;..;.,’c _.-
T02{ . £5¢ ——% i|[-a- 3a
IR : !
19¢ Lo : |
0.6l N X :
- T T T T T
-0.1 0.0 0.1 0.2 0.3

AH errorin 4a-H (eV)

Figure 4: DFT errors in the isomerization en-
thalpy of -CN substituted DHA (4a-CN), cy-
clobutene and 1,3-cyclohexadiene, compared to
the DFT errors in -H substituted DHA,(4a-H).
Errors in DFT calculations are compared to the
CCSD(T) method. Since the errors are system-
matic for the DFT methods, results for each
DFT method is given on the dashed vertical
lines. All results are given in eV.

3.2.3 Comparison of DFT errors in cy-
clobutene, 1,3-cyclohexane and
DHA derivatives

We next investigate how the DFT errors in
the ring opening isomerizations of DHA-VHF
derivatives, cyclobutene and 1,3-cyclohexadiene
correlate with each other. Figure 4 shows the
errors of the DFT functionals for 4a-H with re-
spect to the CCSD(T) calculations. In Figure
4, there is a good correlation between the DFT
functionals in the isomerization enthalpy for all
the ring opening isomerization reactions consid-
ered here: the two DHA derivatives (1a and 4a-
H), cyclobutene and 1,3-cyclohexadiene. How-
ever, although the trends are very similar, all
the errors have relative shifts with respect to
each other. This result is important to show
that no single DF'T method is able to provide
accurate energies when different carbon ring
size and substitutions are considered for the
same chemical reaction. For the 2a derivative
with 4 carbons on the ring, BSLYP is the most
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Figure 5: (a) Isomerization enthalpy, AH, error of DHA /VHF with substitutions on Carbon 1 site
in Figure 3b compared to CCSD(T). (b) Isomerization enthalpy using CCSD(T) and QMC. All

energies are given in eV.

accurate functional, whereas for the 3a deriva-
tive with 6 carbons on the ring, PBEQ is the
most accurate functional while B3LYP under-
estimates the isomerization enthalpy by nearly
0.3 eV. For the 4a-H derivative, with 5 carbons
on the ring, the errors of the DFT functionals
are shown with the solid black line with the
slope equal to 1 (corresponding to the x-axis),
which is between the 4 carbon cyclobutene and
6 carbon 1,3-cyclohexadiene. Therefore, these
results show that the energy of the cis isomer is
overestimated (or the energy of the ring isomer
is underestimated) with DFT methods, with in-
creasing number of carbon atoms in the ring
structure. However, the comparison between
4a-H and 4a-CN shows that the size of the
carbon ring is not the only factor which influ-
ences the DFT results; the substituent on the
ring opening moiety can be as important for
introducing additional DFT errors.

3.3 Effect of the substitutions on
DHA derivatives

In Sec. 3.2.1, we studied only two derivatives of
DHA molecule, however it is important to study
larger number of substitutions to clearly iden-
tify these trends in the DFT errors depending
on the substitutions involved. Therefore, we

perform 22 different substitutions on the ring
opening carbon atoms, as given in the x-axes
of Figures 5a-b, using the substitution scheme
explained in Figure 3b. On the x-axis of Figure
5a and b, the compounds are listed with respect
to isomerization enthalpy errors obtained using
the B3LYP functional from left to right.

The errors with respect to the CCSD(T)
method can be as large as 0.8 eV in the BSLYP
or PBE functionals, e.g. for the -NCl, substi-
tution. However, though smaller in magnitude,
the errors in the isomerization other DFT func-
tionals yield the same trend in the isomeriza-
tion enthalpies. In comparison, CCSD(T) and
QMC calculations results uniformly agree with
each other, in Figure 5b, for all the substitu-
tions investigated, with the largest difference
among these two methods being nearly 0.1 eV.
Figures Ha and b do not show any significant
correlation between each other, meaning that
large DF'T errors are not a result of large iso-
merization enthalpies predicted using CCSD(T)
or QMC method. However, the similarity be-
tween the errors in B3LYP, PBE and TPSSH®®
in Figure 5a is interesting to note, since these
methods systematically underestimate the iso-
merization enthalpy.
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3.4 Decomposition of the DFT
energies

In Sec. 3.3 we identified that B3SLYP, PBE
and TPSSH functionals observe similar trends
of errors in the isomerization enthalpies. In this
section, we investigate the common qualities of
these functionals to understand which compo-
nents of the DF'T Hamiltonians are responsible
for these errors. Therefore, we investigate the
breakdown of total energies in different DFT
functionals.

Each DFT calculation using different func-
tionals for a system yields different charge den-
sities and geometric coordinates of the atoms
at the end of the optimization. Therefore, the
DFT errors can be a product of using differ-
ent optimized charge densities, geometric coor-
dinates of the atoms as well as the functionals
representing the electron-electron interaction in
DFT. In order to account for the contribution
of each of these to the total error, AE, we write:

AE = AEp + AEp + AEg (1)

where AFEr is the error due to the functional,
AFEp is error due to the density and A F¢ is the
error due to the geometry.® In order to under-
stand the extent that these elements contribute
to the error in DF'T calculations, we compare
the DFT isomerization enthalpies for two cases:
(1) with geometry and charge density optimized
within each functional separately and (2) ge-
ometry and charge density optimized using the
B3LYP functional only while they are calcu-
lated non self-consistently for the other func-
tionals. We find that using BSLYP geometries
and charge densities compared to optimizing
each at every point on the reaction coordinate
yields no more than 0.025 eV (3 meV/atom) dif-
ference (see SI for further details). Compared
to the variations in the DF'T total energies that
can be as large as ~0.6 eV (given in Figures 4
and ba), AFp and AEg are rather small; there-
fore, we conclude that AFEr makes the largest
contribution to AFE. It has been discussed
previously that different DF'T approximations
yield very similar charge densities, as exchange
and correlation make up only a smaller part of

The Journal of Physical Chemistry

the total energy composition, compared to clas-
sical interactions and hence their effect on the
total charge density is minor in most cases.?%57
However, this is a very active research area
where it has also been shown that exchange cor-
relation functionals that aim to satisfy a larger
number of physical constraints can provide bet-
ter charge densities, resembling that of higher
accuracy methods.®®

In Figure 6, we show how the exchange and
correlation energies change upon isomerization
from ring conformation to s-trans conformation
in 4a-CN and 4a-H. There are two main con-
clusions that can be drawn from Figure 6: (1)
the change in the correlation energy upon iso-
merization, AFE,, remains unchanged between
the isomerization reactions of 4a-CN and 4a-
H for all DFT functionals, except M06. How-
ever, in MP2, CCSD(T) and DMC calculations,
we find that AFE, is larger for 4a-CN compared
to 4a-H, indicating that correlation functionals
of almost all DFT functionals are inaccurate.
(2) For 4a-CN, the exact exchange energy dif-
ference upon isomerization, A F,, is substatially
larger than other DFT exchange energy differ-
ences, indicating that -CN substitution may re-
quire a larger amount of exact exchange con-
tribution for accurate results. However, local
LDA exchange yields very similar AE, as in
HF for both 4a-CN and 4a-H. PBE, B3LYP
and TPSSH exchange functionals on the other
hand yield lower AFE, in both cases. The defi-
ciency in the exchange component of these func-
tionals can also explain the systematic behavior
shown in Figure 5. The PBE exchange func-
tional is based on LDA exchange with an en-
hancement factor that depends on the dimen-
sionless density gradient parameter, s. The
TPSSH functional uses a modified version of the
PBE exchange with additional parametrization
through the Laplacian of the charge density.
However, it is known that the Generalized Gra-
dient Exchange (GGA) exchange in TPSSH is
designed to yield the same weak binding prop-
erties of PBE, such that TPSSH reproduces the
exact PBE limit at the large s limit.*® Hence,
these errors could be attributed to the descrip-
tion of weak interactions in the PBE exchange
functional.
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For the case of B3LYP, we consider a break-
down of the functional Hamiltonian which can

help to identify the components of the exchange
functional leading to inaccurate results:>!

EfCSLYP — E£DA + aO(EfF . EJZ;DA) + ax(ExBSg . EQIC/DA) + ECLDA o ac<EcLYP . ECLDA)

Where ELP4 is the local LDA exchange, EF
is the exact exchange, EP® is the Becke 88 ex-
change mixing, whereas EXP4 is the LDA cor-
relation and EXY? is the Lee-Par-Yang correla-
tion functional. ag, a, and a. represent mixing
parameters, where for the B3LYP functionals
they are 0.2, 0.72 and 0.81 respectively. In Fig-
ure 6, it is shown that AFE, for both HF and
LDA is larger than B3LYP in the given DHA
derivatives. Considering the B3LYP exchange
is composed of HF, LDA and GGA exchange
(B88), it can be expected that the GGA cor-
rections should be responsible for lowering the
AFE, in both reactions, hence lowering the AFE,,
in both reactions.

Therefore for B3LYP, our results suggest that
the description of the GGA mixing to exchange
energy must be adjusted to obtain accurate en-
ergy differences in ring opening reactions. In
Figure 7, we perform several calculations vary-
ing the Becke88 exchange mixing, a,, where
a; = 0.72 corresponds to the original B3LYP
formulation. Throughout these calculations, we
keep the exact exchange mixing constant, 0.2,
therefore a, = 0.0 means LDA exchange is 0.8,
and there is no Becke 88 exchange contribu-
tion. For both cyclobutene and cyclohexane
we find that a smaller amount of Becke 88 ex-
change, around a, = 0.6 should suffice to find
accurate AH for these isomerizations. How-
ever, for 4a-CN, errors are more severe, such
that even a smaller amount of Becke exchange
must be used to obtain accurate AH and the
optimal Becke 88 exchange mixing is found to
be a, ~ 0.2 — 0.3. In comparison to B3LYP
exchange, CAM-B3LYP uses 0.19 HF and 0.81
B88 exchange for the short range, and 0.65 HF
and 0.35 B88 exchange for the long range in-
teractions. Therefore, using a larger portion
of exact exchange for the weaker, long range
interactions could help the CAM-B3LYP func-
tional to yield a AFE, closer to the exact AF,

~
0= AEy(4a-H)

0= AEy(4a-CN)

=o= AE-(4a-H)
=o= AE-(4a-CN)

AExc(4a'H)

AEy(4a-CN)
J

Figure 6: Changes in the exchange, AFE,, cor-
relation, AFE, and exchange-correlation, AFE,..,
energies upon ring opening isomerization from
ring conformation to s-trans conformation in
4a-H and 4a-CN

in HF. Having the same correlation energy as
B3LYP, the difference in the CAM-B3LYP ex-
change functional leads to better total energies
as given in Figure 6.

3.5 Energy storage capacity of
DHA derivatives

The substitutions performed on the DHA mol-
cule given in Figure 5a-b not only help us iden-
tify the trends of errors in DF'T calculations, de-
pending on the substitutions, but it also identi-
fies cases for which the isomerization enthalpies
lead to large gravimetric energy densities suit-
able for solar thermal energy storage. For the
substitutions considered, our QMC results show
that the AH of DHA/s-trans-VHF varies be-
tween 0.38 to 1.32 eV. The 4a-NF5 and 4a-F
derivatives have ring opening isomerization re-
action enthalpies of 1.32 and 1.20 eV, respec-
tively. These energies are larger than the AH
of norbonadiene, 1.14 eV.'2 Further, the gravi-
metric energy storage capacities of 4a-F and
4a-H are 732 kJ/kg and 667 kJ/kg, respec-
tively, which is larger then the value of highest
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-@- 4a-CN
= 4a-H

- 2a

0.8

Figure 7: B3LYP errors in the AH of -CN
substituted DHA, -H substituted DHA, cy-
clobutene and 1,3-cyclohexadiene as a function
of Becke 88 exchange mixing parameter. DMC
method is used as the reference. All results are
given in eV.

energy density norbornadiene derivative, 636
kJ/kg. 512

4 Conclusions

In this work, we are able to show that DFT ap-
proximations may fail to describe the thermo-
chemistry of DHA/VHF ring opening isomer-
ization reaction. We show that these are not
only specific to the DHA /VHF couple, but very
similar error patterns can also be found for cy-
clobutene and 1,3-cyclohexadiene and possibly
in other ring opening isomerizations. We show
that particularly BSLYP and PBE functionals
predict qualitatively inaccurate relative stabil-
ities in DHA-VHF isomerization, and mainly
GGA exchange functionals in both function-
als are responsible for the inaccurate results.
However, the correct behavior of the correlation
functional is equally important, as almost none
of the DFT functionals investigated yield simi-
lar qualitative changes in the correlation energy
upon the isomerization of DHA /VHF couple as
in CCSD(T) and QMC calculations.

We find that DHA and VHF derivatives are
promising alternatives for solar thermal en-
ergy storage applications, as the gravimetric en-
ergy density of the investigated molecules varies
between 94-732 kJ/kg, which can be larger
than the norbornadiene derivative. For all
the DHA/VHF derivatives investigated, QMC

The Journal of Physical Chemistry

and CCSD(T) isomerization energies agree with
each other with a mean absolute error (MAE)
of 0.07(1) eV /reaction.
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