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ABSTRACT: Quantum calculations were used to study UV−vis
absorption properties and nonlinear optical characteristics of a
variety of substituted dihydroazulene (DHA)/vinylheptafulvene
(VHF) photoswitches. The absorption properties are substantially
based on the position and nature of the substituent. In general,
electron-donating groups cause red shifts compared to the parent
compound. Any electron-withdrawing group, on the other hand,
would generate a blue shift. Furthermore, the steric effect at some
positions is accountable for the loss of planarity and, as a response,
a decrease in electronic conjugation within the molecule, which in
most cases result in blue shifts in maximum absorption. The
purpose of this research is to investigate the influence of
substitution at the seven-membered ring of the DHA/VHF system
on the absorption spectra and nonlinear optical characteristics of dihydroazulene photoswitches. UV−vis spectra and
hyperpolarizability are determined since a prospective photoswitch should have a minimum overlap of absorption spectra from
both isomers. Furthermore, the differential in hyperpolarizability between DHA and VHF is critical for practical applications.

1. INTRODUCTION
Over the last three decades, scientists have paid more attention
to molecular photoswitches1 because they are used in a wide
range of fields, such as nonlinear optics (NLO),2−4 memory
devices,5,6 liquid crystals,7−17 electromagnetic switches,18−20

synthetic ion channels,21,22 photopharmacology,24 biological
processes,23 etc. In addition, a significant number of
complicated devices, including encoder−decoder,35 half
adder,25−33 and logic gates,34 can be designed based on
photoswitches. They have a distinctive feature associated with
isomeric interconversion. In general, thermal stability, fatigue
resistance, photochemical quantum yield, and nondestructive
reading are all important factors that govern the efficiency of
photoswitches. For applications in NLO and memory devices,
photoswitches need only a minimal overlap between the
absorption spectra of their respective isomeric states. This is
necessary to prevent the formation of a photostationary state,
which refers to an isomeric coexistence at equilibrium.
Furthermore, for optimal performance, the polarizability
variation within isomeric states should really be considered.

Among electronic-based photochromes, fulgides36 and
dithienylethenes21 receive the greatest amount of attention
because of their thermal stability. Another significant class is
the dihydroazulene (DHA)/vinylheptafulvene (VHF) photo-
chromic pair (Figure 1), which needs more study and has a

variety of practical applications. However, this class is less
explored and needs further exploration. In comparison to its
colored analogue VHF, DHA is a colorless molecule that has
higher thermodynamic stability.37−44 If these two isomers are
exposed to light and/or heat, they will readily undergo
interconversion. Vinylheptafulvene is composed of two con-
formers, s-trans and s-cis, which are in equilibrium, and
interestingly, the s-cis conformer, which is created photo-
chemically, is more stable than the s-trans conformer.37−44

Significant obstacles that hinder the advancement of this class
for industrial uses include thermal instability, which results in
the conversion of VHF into DHA (T-type photoswitch),45 and
related synthetic difficulties.

Efforts have been made to create multimode photoswitches
by combining dithienylethenes and other photochromic
materials with DHA−VHF photoswitches, and the properties
of DHA/VHF have extensively been modulated.46 Further-
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more, the correlation between the substitution effect and the
physical properties of photoswitches has been extensively
researched. Both the five- and seven-membered rings of DHA
have been effectively modified by the introduction of
appropriate functional atoms/groups.47−49 However, consid-
erable synthetic challenges prevent the seven-membered ring
from being functionalized. Furthermore, as foreseen in the case
of protonation of the amino group on phenylethynyl DHA X,48

effective functionalization at the seven-membered ring has
shown to bring a substantial advantage to DHA−VHF
photoswitches. Under temperature circumstances, this resulted
in the deactivation of VHF X to DHA X.

We have evaluated the electocyclization activation barriers
and the features of DHA−VHF photoswitches computationally
in order to get a deeper understanding of how substituents
affect the reactivity pattern.50 It was observed that the
arrangement and the type of the substituents on the seven-
membered rings had a significant influence on the electronic
properties of DHA−VHF photoswitches by conducting
thermal return reactions for various substituted VHFs to
DHFs. Furthermore, a significant change (up to 7 kcal mol−1)
was reported for electrocyclization by changing the arrange-
ment and the type of substituents. As an example, the thermal
cyclization of 5-OH VHF to DHA has an energy barrier of 23.7
kcal mol−1, whereas the energy barrier for 4-OH VHF is 30.5
kcal mol−1. The electron-withdrawing group, on the other
hand, causes the opposite tendency. The activation barrier
required to cause the cyclization of 5-CHO VHF is 29.5 kcal
mol−1, which is higher than the activation energy for 5-OH
VHF, which is 23.7 kcal mol−1. A similar trend is provided by
the occurrence of other groups at position 7 of VHF.48 We
have recently reported the effect of several substituents on the
seven-membered ring of the DHA−VHF system on different
positions in the photophysical properties of this system
through structural modification.51 We have reported that any
electron-donating group would cause the maximum red shift of
the VHF absorption spectra, whereas any electron-withdrawing
group would cause the maximum blue shift of the VHF
absorption spectra (Table S1).

In our ongoing research on establishing a structure−
property relationship of substituted DHA−VHF for UV−vis
spectra and NLO switches,52 we report here a thorough study
to investigate the influence of other substituents on DHA’s
seven-membered ring and their effects. The object of this
extensive theoretical study is to further investigate the
photophysical properties of DHA−VHF by structural mod-
ification and to establish a general and clear structure/activity
relationship. In addition, the current study includes the

computation of hyperpolarizabilities, as the difference in
hyperpolarizability between the two isomers should be
considered for their practical application in nonlinear optical
devices.

2. COMPUTATIONAL METHODS
Gaussian09 was used to carry out the calculation.53 All
structural geometries were optimized at the PBE1PBE/6-
311+G(d) level of theory without any symmetry restrictions.
The PBE1PBE method accurately predicts organic dye
structural characteristics, particularly DHA−VHF, at a low
cost.50 In our previous report, we also showed that the
geometries and energies of DHA/VHF at the PBE0 method
agree well with the results of the experiment.50 Additionally,
frequency calculations were done at PBE1PBE/6-311+G(d) to
establish the structures as true minima (no imaginary
frequency). The UV−vis spectra are calculated using TD-
DFT on PBE1PBE/6-311+G(d)-optimized structures at the
CAM-B3LYP/6-311+G(d) level of theory. The absorption
maxima that have been reported are those that occur at
maximum wavelengths with oscillator strengths higher than
0.2. The CAM-B3LYP/6-311+G(d) level of theory is also used
to determine the hyperpolarizability values, which give good
agreement between computational cost and accuracy.

In order to determine the first hyperpolarizability (β), we
used the following formula, as reported in the literature54

= [ + + + + +

+ + + ]

( ) ( )

( )

xxx xyy xzz yyy yzz yxx

zzz zxx zyy

o
2 2

2 1/2

It should be noted that the values of hyperpolarizability are
dependent on the frequency of the electric field. Our
calculation included both static hyperpolarizability and
second-order nonlinear optical properties, first hyperpolariz-
ability (β) according to the given formula.54

3. RESULTS AND DISCUSSION
Organic photochromes have many applications, but their
thermal stability determines their practical application. For
ideal photochromes, there should be no spectral overlap
between the two isomeric species in the UV−vis region, and
the switching process should be photocontrolled only. A
spectral overlap causes incomplete interconversion of both
isomers, resulting in the creation of a photostationary state. In
the photostationary state, the relative concentration of both
components is determined by the irradiation wavelength,
thermal return rate, and irradiation time.55 The objective of

Figure 1. Isomeric interconversion of DHA and VHF.
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Table 1. λhigh and λmax for DHAs and VHFs (Electron-Donating Groups�*⟨C2−C3−C3a−C8 of DHAs)

no. substituents DHA (λhigh) (λmax) f > 0 dihedral angle* VHF (λhigh) (λmax) f > 0

1 8a-PH2 361 0.08 −22.62 412 0.39
226 0.24

2 8-PH2 318 0.11 −50.69 440 0.05
226 0.27 429 0.46

3 7-PH2 315 0.16 −41.48 427 0.20
222 0.40 408 0.40

4 6-PH2 318 0.20 −40.11 424 0.03
219 0.47 414 0.64

5 5-PH2 314 0.11 −40.65 423 0.14
222 0.73 416 0.49

6 4-PH2 313 0.12 −43.77 417 0.10
220 0.60 404 0.42

7 8a-OMe 328 0.15 −12.18 434 0.47
213 0.36

8 8-OMe 327 0.13 −47.62 478 0.01
218 0.21 427 0.49

9 7-OMe 329 0.08 −37.32 456 0.04
221 0.30 439 0.55

10 6-OMe 343 0.20 −40.37 472 0.06
224 0.38 433 0.56

11 5-OMe 343 0.10 −43.73 434 0.13
222 0.41 409 0.49

12 4-OMe 345 0.15 −39.43 428 0.52
235 0.43

13 8a-NHMe 338 0.13 −11.41 474 0.37
217 0.23 272 0.40

14 8-NHMe 359 0.13 −49.66 503 0.03
443 0.42

15 7-NHMe 347 0.02 −39.47 452 0.60
290 0.22

16 6-NHMe 348 0.26 −37.91 484 0.12
444 0.52

17 5-NHMe 347 0.06 −42.30 500 0.01
234 0.75 427 0.66

18 4-NHMe 354 0.16 −42.72 465 0.51
248 0.22

19 8a-NMe2 337 0.00 −32.22 481 0.31
218 0.51 281 0.40

20 8-NMe2 376 0.08 −45.56 467 0.11
243 0.34 432 0.34

21 7-NMe2 345 0.01 −39.93 460 0.59
294 0.23

22 6-NMe2 344 0.31 −39.62 465 0.37
23 5-NMe2 362 0.06 −45.18 468 0.05

239 0.79 430 0.63
24 4-NMe2 371 0.13 −45.30 455 0.42

256 0.14
25 8a-CH2OH 339 0.12 −26.38 424 0.46

226 0.40
26 8-CH2OH 317 0.12 −49.89 430 0.14

223 0.27 414 0.38
27 7-CH2OH 323 0.13 −35.93 429 0.15

221 0.45 413 0.41
28 6-CH2OH 320 0.18 −40.51 430 0.06

221 0.38 417 0.57
29 5-CH2OH 320 0.12 −41.10 428 0.01

220 0.62 416 0.61
30 4-CH2OH 318 0.13 −42.75 421 0.21

221 0.43 408 0.36
31 8a-CH2NH2 362 0.09 −14.35 422 0.45

228 0.24
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this study is to investigate the substituents that result in a
spectral nonoverlap when added to the DHA−VHF system.

Considering the fact that DHA and VHF both absorb in the
UV and visible spectral regions, a spectral nonoverlap can be
achieved more effectively if the UV−vis spectra of DHA and
VHF are, respectively, blue- and red-shifted. The UV−vis
spectra of DHA and VHF have been extensively studied both
experimentally and theoretically. Jacquemin and co-workers
used a benchmark approach to study the UV−vis spectra of
DHA and VHF using the CAM-B3LYP, B97XD, and PBE0
methods with different basis sets.56 The absorption maximum
shift from phenyl DHA (1) (354 nm) to VHF (2) (459 nm)
was measured experimentally to be 105 nm, while calculated

differences at CAM-B3LYP, PBE0, and B97XD were 87, 87,
and 90 nm, respectively. Figure 1 shows the simplified
unsubstituted DHA and VHF. To support our decision to
use the same approach in this study, they have calculated the
UV−vis spectra of the DHA−VHF pair and found that the
CAM-B3LYP method provided the most accurate simulation.

3.1. Substitution Effect on the UV−Vis Spectra of
VHF. Different functional groups are tested to see how they
influence the UV−vis spectra of the DHA−VHF pair. The
studied functional groups are described in detail in Tables 1
and 2 and S2. These groups are highly diversified,
encompassing electron donor and acceptor groups, both
mesomerically and inductively. It is difficult to separate these

Table 1. continued

no. substituents DHA (λhigh) (λmax) f > 0 dihedral angle* VHF (λhigh) (λmax) f > 0

32 8-CH2NH2 318 0.12 −46.63 432 0.23
221 0.29 421 0.32

33 7-CH2NH2 319 0.13 −40.06 426 0.27
219 0.39 419 0.34

34 6-CH2NH2 322 0.18 −39.54 424 0.01
221 0.40 418 0.64

35 5-CH2NH2 320 0.12 −39.31 426 0.07
221 0.53 414 0.55

36 4-CH2NH2 323 0.13 −44.36 451 0.02
223 0.42 421 0.53

37 8a-CH2F 346 0.12 −17.45 419 0.44
220 0.30

38 8-CH2F 318 0.12 −48.44 428 0.09
219 0.37 419 0.45

39 7-CH2F 318 0.14 −41.02 428 0.11
219 0.48 407 0.48

40 6-CH2F 318 0.18 −39.62 427 0.01
218 0.51 412 0.61

41 5-CH2F 315 0.11 −40.29 427 0.01
219 0.69 412 0.60

42 4-CH2F 319 0.13 −44.07 447 0.01
218 0.51 412 0.53

43 8a-CH2Cl 352 0.11 −12.41 421 0.42
221 0.21

44 8-CH2Cl 325 0.10 −48.02 426 0.14
222 0.42 419 0.42

45 7-CH2Cl 318 0.14 −40.85 432 0.13
221 0.49 409 0.49

46 6-CH2Cl 322 0.21 −39.77 430 0.03
220 0.50 414 0.64

47 5-CH2Cl 317 0.11 −40.63 424 0.02
222 0.81 413 0.60

48 4-CH2Cl 322 0.13 −44.16 450 0.01
224 0.52 413 0.53

49 8a-CH2Br 354 0.10 −11.32 427 0.38
234 0.16

50 8-CH2Br 333 0.09 −47.84 428 0.08
227 0.42 423 0.48

51 7-CH2Br 318 0.14 −40.90 437 0.15
224 0.46 411 0.48

52 6-CH2Br 326 0.25 −39.77 434 0.06
219 0.47 416 0.64

53 5-CH2Br 319 0.10 −40.70 424 0.02
230 0.55 413 0.60

54 4-CH2Br 324 0.14 −44.24 457 0.02
222 0.28 416 0.52
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groups according to their nature; therefore, the discussion in
the following part is divided according to their electronic
nature.

3.1.1. Mesomerically Electron-Donating Groups. The
calculated UV−vis absorption spectra have a typical form
with two peaks; we are interested in the near visible one, which
is associated with the third excited state and is primarily
defined by the HOMO (51)−LUMO (52) electronic
transition (Table S2). The investigation of other excited states
clearly shows that another transition, defined by maximum
high wavelengths (λhigh), is possible at positions 5, 6, and 8. In

our most recent work, we evaluated some electron-donating
groups including NH2, OH, SiH3, and SH on the seven-
membered ring of VHF.51 In the current work, we are
evaluating the introduction of different substituents in the
seven-membered ring of VHF, as shown in the following
tables.

The introduction of the PH2 substituent in the seven-
membered ring of VHF did not prove meaningful because the
absorption of maximum wavelength for most derivatives was
quite comparable to the parent VHF (Figure 2B). This is due
to the nonparticipation of the lone pair of electrons belonging

Table 2. λhigh and λmax for DHAs and VHFs (Electron-Withdrawing Groups�*⟨C2−C3−C3a−C8 of DHAs)

no. substituents DHA (λhigh) (λmax) f > 0 dihedral angle* VHF (λhigh) (λmax) f > 0

1 8a-C(O)Me 327 0.12 −33.41 419 0.06
221 0.42 380 0.33

2 8-C(O)Me 341 0.10 −48.07 447 0.10
230 0.58 422 0.39

3 7-C(O)Me 324 0.10 −40.82 467 0.10
233 0.27 409 0.50

4 6-C(O)Me 339 0.19 −39.91 472 0.08
218 0.42 412 0.60

5 5-C(O)Me 341 0.05 −41.78 455 0.24
235 0.80 412 0.37

6 4-C(O)Me 334 0.09 −45.53 416 0.07
237 0.45 385 0.38

7 8a-CO2Me 320 0.14 −32.97 417 0.11
220 0.39 378 0.29

8 8-CO2Me 331 0.11 −47.83 447 0.18
225 0.62 422 0.34

9 7-CO2Me 324 0.11 −41.08 465 0.09
226 0.52 407 0.52

10 6-CO2Me 337 0.22 −40.14 460 0.09
216 0.47 409 0.59

11 5-CO2Me 331 0.09 −39.47 457 0.19
227 0.87 414 0.44

12 4-CO2Me 326 0.13 −44.99 421 0.04
229 0.55 394 0.45

13 8a-C(O)NH2 321 0.13 −35.09 417 0.18
220 0.27 380 0.22

14 8-C(O)NH2 325 0.11 −46.64 446 0.19
222 0.49 432 0.34

15 7-C(O)NH2 326 0.13 −37.81 464 0.04
224 0.54 415 0.58

16 6-C(O)NH2 328 0.22 −40.61 457 0.04
217 0.38 409 0.62

17 5-C(O)NH2 330 0.10 −37.61 444 0.15
226 0.77 413 0.47

18 4-C(O)NH2 324 0.13 −44.83 440 0.02
222 0.61 411 0.52

19 8a-C(O)Cl 320 0.13 −30.96 419 0.04
221 0.48 377 0.35

20 8-C(O)Cl 346 0.11 −48.52 454 0.19
232 0.59 414 0.30

21 7-C(O)Cl 324 0.09 −41.96 486 0.08
232 0.43 400 0.52

22 6-C(O)Cl 344 0.25 −40.75 469 0.12
215 0.34 400 0.56

23 5-C(O)Cl 336 0.07 −40.10 478 0.19
235 0.88 410 0.43

24 4-C(O)Cl 333 0.13 −45.87 421 0.08
238 0.44 380 0.39
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to phosphorus in the conjugation for all positions. For 8a-, 7-,
and 4-PH2VHFs, the absorption spectra are even blue-shifted
(although by 1, 5, and 9 nm, respectively), which could be
attributed to the loss of planarity and interruption of
conjugation from both pathways I and II and from the
donor group (PH2) (Figure 2A). The blue shift is more
pronounced for λmax at these positions (Figure 2B).

When PH2 is compared to electron-donating substituents
(NH2, OH, SiH3, SH) that have been studied in our most
recent work51 (Figure S1), it can be clearly seen that stronger
electron-donating substituents have the greatest effect. Indeed,
NH2 has the highest red shift, especially at position 8a,
followed by OH and SH with similar behaviors, whereas the
PH2 effect is the weakest. In general, mesomeric electron-
donating groups on VHF generated a red shift in the
absorption spectra, with the amount of the effect depending

on the position of the functional group besides the nature of
the electron-donating group (Table 1).

Next, the effect of methylation of NH2 and OH on the UV−
vis spectra is analyzed (Table 1). Comparison of the results
reveals that, for the NH2 substituent, methylation generally
causes a red shift in the absorption spectra (Figure S2), except
at position 8a, where the steric effect has induced a
hypsochromic shift with the increase of substitution (i.e.,
from −NH2 → −NHMe → −NMe2) (Figure S3-A). In fact,
the absorption of maximum wavelength in 8a-NHMe VHF and
8a-NMe2 VHF is 272 and 281 nm, respectively, compared to
471 nm for 8a-NH2 VHF. Similarly, at positions 4 and 8, the
second methylation induced a blue shift, while a red shift is
observed for the first methylation, which may be due to steric
crowding for second methylation, which hinders the proper
overlap between the substituent and the VHF ring. The

Figure 2. (A) Optimized structures for 4-, 8-, and 8a- PH2 VHF photoswitches indicating Φ1 and (B) their calculated UV−vis spectra.

Figure 3. Calculated UV−vis spectra for selected 8-substituted VHFs.
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absorption of maximum wavelength at all other positions
increases with methylation. However, the gain of donating
power due to methylation induces a red shift for λhigh for all
positions including 8a and 4 (Table 1).

Methylation of the OH group (to OMe) causes red shifts in
the UV−vis spectra for positions 5, 6, and 7, while blue shifts
are observed for O-methylation at positions 4, 8, and 8a
(Figure S4). As described previously, the blue shift observed
for methylation at 4, 8, and 8a positions could be ascribed to
the steric effect, the decrease in participation of the lone pairs
of electrons with the seven-membered ring of VHF, and the
loss of planarity (Figure S3-B). Moreover, at position 8a, the
lone pair of the substituent shows through space interactions
with nitrile carbon. This interaction is slightly stronger for
methoxy-substituted VHF (2.7 Å) compared to OH-sub-
stituted VHF (2.9 Å). An interesting situation is observed for
methylation of NH2 and OH at position 8, where a red shift is
observed for monomethylation of NH2, whereas a blue shift is
observed for dimethylation of NH2, and a nonsignificant effect
for methylation of OH (Figure 3). From these results, it can be
inferred that methylation causes a red shift in the UV−vis
spectrum unless there is some reduction in the delocalization
of electrons caused by methylation. Also, it is important to
clarify that methylation at all positions induced a red shift
when the UV−vis spectra are compared to the parent VHF
instead of hydroxylated VHF.

Next, the effect of deprotonation on the UV−vis spectra is
studied (Table S3). As expected, the deprotonation led to a
remarkable red shift in the UV−vis spectra for (S(−), O−,
NH3

+, and PH3
+) substituted VHFs, particularly for mercapto-

substituted VHFs. The maximum red shift is observed for 4-

S(−) VHF, where the absorption of maximum wavelength is
calculated at 502 nm. The wavelength is red-shifted by 73 nm
when compared with 4-SH VHF. However, the lowest red shift
is found for 8a with λmax of 324 nm. When we take into
account λhigh, 8a has the greatest effect (519 nm). For S(−) at
other positions, the transitions are observed between 445−491
nm, which are, on average, 45 nm red-shifted when compared
with their corresponding SH-substituted VHFs (Figure S5).

A similar but less pronounced effect is seen when the OH
group is deprotonated to O(−). Among O(−)-substituted VHFs,
the maximum red-shifted spectrum is calculated for 8a-O(−)

VHF (478 nm). The UV−vis spectrum of this compound is
red-shifted by 17 nm when compared with 8a-OH VHF. The
next highest wavelength is seen for 4-O(−) (473 nm), quite
analogous to S(−) VHFs. For 5, 6, 7, and 8-O(−) VHFs, the
absorption maxima are calculated between 382−458 nm, all
red-shifted when compared with their protonated analogues.
Again, the electron pair of the thiolate anion is not involved in
conjugation (Figure S6).

3.1.2. Substituted Methyl Functional Groups. Our previous
study51 has shown that the methyl substituent has little effect
on the UV−vis spectrum (Table 1). Also, a comparison of
methyl and silyl groups revealed that substitution at positions 6
and 8 have the maximum red shift in the absorption
spectrum.51 In the present study, we have introduced
halomethyl substituents and showed that the effect of halogen
atoms is quite subtle. In general, the UV−vis spectra of
halomethyl-substituted VHFs are very comparable to those of
methyl VHFs. The effect of a halogen on methyl depends on
the nature of the halogen. For all halomethyl groups, blue shifts
were observed at all positions except 8 and 4 when compared

Figure 4. Geometric properties for (A) F, (B) Cl, and (C) Br halomethyl-substituted VHFs including Φ.
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to methylated analogues (Table 1). When we compared the
effect according to λhigh, we found that strongly electron-
withdrawing fluorine (Figure S7) induces a blue shift at all
positions except 7 (428 nm) and 4 (447 nm). In the case of
weakly withdrawing bromine (Figure S8), a slight red shift is
observed at all positions, except at 8 (428 nm) and 5 (424
nm). For intermediate chlorine, a slight red shift is observed at
4 (450 nm), 6 (430 nm), and 7 (432 nm) (Figure S9).
Otherwise, when we compared the effect according to λmax, we
found the same cases. For example, the absorption of
maximum wavelength is shifted to 419 nm in 8a-CH2F VHF
compared to 423 nm for methyl VHF at the same position. A
decrease in blue shift is observed for 8a-CH2Cl VHFs with an
average of 13 nm compared with methyl VHFs at the same
position. For CH2Br at position 8a, the calculated wavelength
is 427 nm, which is about 4 nm red-shifted compared to 8a-
CH3 VHF. A similar trend is observed for 7-CH2X VHF, where
the absorption values are 407, 409, and 411 nm for CH2F,
CH2Cl, and CH2Br, respectively, compared to 418 (426) nm
for CH3 VHF. For 6-CH2X VHF, the absorption maxima are
blue-shifted when compared with Me VHF at position 6,
although the blue shift decreases with an increase in the atomic
number of halogens. To summarize, the blue shift caused by
halomethyl on absorption wavelengths increases with the
electronegativity of halogens. Finally, structural analysis of
halomethyl substituents revealed similar effects on positions 8a
and 4, where the conjugation is disconnected from one of the
two possible pathways (Figure 4).

Similarly, investigation of UV−vis spectra for CH2NH2- and
CH2OH-substituted VHFs revealed trends very comparable to
those of methyl VHFs. Regarding CH2NH2 VHFs, when we
compared the effect with methylated VHF according to λmax,
the absorption maxima are red-shifted at all positions, except
positions 8a and 5 are slightly blue-shifted, and a nonsignificant
effect is observed at position 6. However, based on λhigh, only
the CH2NH2 group at position 4 (451 nm) induced a red shift
in the absorption spectrum, while at position 7 (426 nm), the
wavelength was unaffected, and at all other positions induced a
blue effect (Figure S10). Conversely, according to λmax, the
introduction of CH2OH at positions 4, 7, and 8 induces a blue
shift of 2, 5, and 2 nm, respectively (Figure S11). Also, an
opposite effect was observed for the CH2OH group at position
8a, for which maximum absorption is now slightly red-shifted
(1 nm) compared to the methylated analogue (8a-Me VHF).
The maximum wavelength at position 6 (6-CH2OH VHF) is
unchanged compared to its methylated analogue (6-Me VHF).

By comparing the global shapes of UV−vis spectra for
CH2NH2 and CH2OH VHFs, the effect compared to
methylated VHFs is minor generally with a slightly more
pronounced red shift for amino-substituted VHFs compared to
hydroxyl-substituted VHFs, which is comparable to that
observed for NH2- and OH-substituted VHFs. Conversely, 5
and 8a positions revealed an opposite, which may be attributed
to the same reasons as for halomethyl substituents (Figure
S12).

3.1.3. Electron-Withdrawing Substituents. All of the
electron-withdrawing groups (EWGs) that have been studied
act very similarly, and some tendencies may be simply
identified (Table 2). As previously stated, there are two
transitions in the parent VHF scaffold (413 and 438 nm). In
most cases, the presence of an electron-withdrawing group
substituent results in a red shift of the peak at 438 nm and a
blue shift of the peak at 413 nm. However, there is an

exception for positions 4 and 8a (Table 2, see below), where
blue-shifting is recognized for both peaks. This finding is in
conformance with our previous inferences regarding these two
specific positions. In our previous study,51 we tested some
relatively strong electron-withdrawing groups such as NO2,
CN, C(O)H, and COOH.51 We also analyzed C(O)Me,
COOMe, C(O)NH2, and C(O)Cl to generalize these findings
to larger EWGs (Table 2). In all positions, the introduction of
any EWG causes a blue shift in the absorption spectra, except
at position 8, where red shifts are seen. However, we observed
that the substituent with the maximum hypsochromic effect at
position 4 is COCl (380 nm), whereas CONH2 has the lowest
effect. The effect for all withdrawing groups at positions 5 and
6 is similar. Moreover, here again, we confirmed the effect of
methylation, which leads to a red shift of λmax at all positions
except 8a-COMe due to a steric effect, as previously discussed.
This is also applicable for comparing amide-, ketone-, and
haloformyl-substituted VHFs, which are classified from the
most red-shifting to the most blue-shifting groups, respectively
(according to their respective donating powers (Table 2)). In
addition, the structural analysis indicated that the insertion of
any EWG at positions 8a and 4 resulted in discontinuous
electronic conjugations at both pathways I and II (Figures S13
and S14).

3.2. Substitution Effect on the UV−Vis Spectra of
DHA. The position of substitution is what determines whether
or not electron-donating or neutral moieties will have an
influence on the UV−vis spectra (Table 1). We previously
studied the effect of some electron-donating substituent (NH2,
OH, SiH3, SH) DHAs.51 In the current study, a similar
behavior is found for PH2-substituted DHAs, where a higher
red shift is observed for 8a- and 8-PH2 DHA (226 nm);
however, this effect is nonsignificant for all other positions.
When we compared the substitution effect on λhigh of PH2 to
other substituents that have been studied in our previous work
(NH2, OH, SiH3, SH), blue shifts were observed for all other
positions except for 8a (361 nm). Quite a resemblance in the
behavior of PH2 DHA with SiH3 and Me DHAs reflects that
the PH2 moiety is not communicating with the DHA skeleton
(Figure S15). Otherwise, the effect of PH2 would be similar to
NH2 and other mesomeric donating substituents (vide infra).

Quite a significant red shift was observed when negative
charge-bearing species were introduced to the DHA skeleton.
The maximum effect was found for λhigh at position 7 in which
the maximum wavelengths are 285 and 286 nm red-shifted for
O−- and S−-substituted DHA, respectively, compared to the
protonated congeners OH and SH (when this shift is
compared to the parent DHA, the values are +296 and +297
nm for 4-O−- and 4-S−-substituted DHA, respectively).
Interestingly, only at that position, we detected the two
peaks of O−-substituted DHA; at all other positions, only one
peak was observed with considerable red-shifting; however, for
S−-substituted DHA, two peaks were detected at all positions,
also significantly red-shifted. Conversely, the introduction of
positive charge-bearing species NH3

+ on the DHA skeleton
generally induced a blue shift. However, for position 8a-NH3

+

DHA, a slight red shift (λmax = 223 nm) was observed, which
can be explained by the gain of planarity and extension of
conjugation at that structure (Figure S16). Moreover, the
introduction of PH3

+ induces less remarkable but still
appreciable red shifts of absorption wavelengths at all
positions. The larger wavelength is found for 8-PH3

+ DHA
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(352 nm), which is 34 nm red-shifted compared to its PH2
congener.

Methylation of OH and NH2 groups has led to either blue or
red shifts or almost unchanged absorption spectra, depending
on positions and number of methylations. Monomethylation of
OH and NH2 causes a red shift in the UV−vis spectrum in
comparison to their OH and NH2 congeners when these
substituents occur at all positions (4, 5, 6, and 8a), except 8-
OMe and 7-OMe DHA that cause a blue shift. For example,
the absorption of the maximum wavelength for 8a-OMe DHA
is 328 nm compared to 319 for 8a-OH DHA. The red shift is
attributed to the increase in planarity. The *⟨C2−C3−C3a−
C8 angle in 8a-OMe DHA is −12.18° compared to −22.87 for
8a-OH DHA. Also, for monomethylated NH2, all positions
cause a red shift in the UV−vis spectrum compared to their
NH2 congeners, except at position 8. The dimethylation of
NH2 increases the red shift at positions 4, 5, 6, and 8 compared
to monomethylated congeners. A similar condition is found
with 8a-NHMe and 8a-NMe2 DHAs, where maximum
wavelength absorption occurs at 338 and 337 nm for 8a-
NHMe and 8a-NMe2 DHAs, respectively. For 4-NHMe and 4-
NMe2 DHAs, the absorption maxima are 354 and 371 nm,
respectively, compared to 352 for 4-NH2 DHA. An interesting
situation is observed for methylation of the substituent at
position 8, where a red shift is observed for methylation of
NH2 (10 nm), whereas a blue shift (7 nm) is observed for O-
methylation. The effect of N-methylation is negligible at 6 and
7, while O-methylation induces a 5 nm bathochromic shift at 6
and 5 nm hypsochromic shifts at 7.

CH2NH2- and CH2OH-substituted DHAs showed different
effects depending on the position. The most significant effect is
a bathochromic shift of λhigh observed at position 8a (+39 and

+16 nm for 8a-CH2NH2 and 8a-CH2OH DHAs, respectively).
This shift gets higher for the stronger electron-donating
groups. The introduction of CH2NH2 and CH2OH groups at
all positions led to red-shifted absorption spectra. However,
λhigh values are decreased when CH2NH2 and CH2OH are
introduced at positions 5, 6, and 8. Finally, the effects induced
by CH2NH2 and CH2OH at 4 and 7 positions are different;
high wavelengths for 4-CH2NH2- and 7-CH2OH-substituted
DHAs are unchanged (323 nm), while 7-CH2NH2 and 4-
CH2OH are 4 and 5 nm blue-shifted, respectively (compared
to the parent DHA).

Regarding CH2X-substituted DHAs, the effect of the
additional X group generally causes a slight red shift of λmax,
while the effect on λhigh is dependent on the nature of the
halogen. For the strong electron-withdrawing fluoro group, a
blue shift is observed in the UV−vis spectrum except for 8a-
CH2F DHA, which shows a red shift of +23 nm (quite similar
to 8a-Me DHA (+13 nm)) due to the loss of planarization of
the scaffold. The red shift in the UV−vis spectrum for 8a-
CH2X gets higher for larger halogens (+29 and +31 nm for Cl
and Br, respectively). For 8a-CH2Cl DHA, the absorption of
the high wavelength appears at 352 nm, where it is further red-
shifted to 354 nm for 8a CH2Br DHA. The increase in red shift
with an increase in the atomic number of the halogen is
attributed to two factors; a gain in planarity and a decrease in
electronegativity of the halogen. The red shift is more
pronounced for CH2NH2, where the electron-donating
power is higher than the CH2-halogen group. The absorption
in 8a-CH2NH2 DHA appears at 362 nm. For all CH2X
substituents (except for 8-CH2Cl, 8-CH2Br, 6-CH2Br, and 4-
CH2Br), blue shifts are observed when these groups are
present at positions 4−8, which is very much consistent with

Table 3. Hyperpolarizability Values for DHAs and VHFs (Electron-Donating Groups)

no. substituents DHA VHF no. substituents DHA VHF

1 8a-PH2 1.40 11.09 31 8a-CH2NH2 1.60 9.48
2 8-PH2 1.37 10.71 32 8-CH2NH2 1.16 8.54
3 7-PH2 0.70 11.37 33 7-CH2NH2 1.38 13.80
4 6-PH2 2.17 11.96 34 6-CH2NH2 3.36 13.53
5 5-PH2 2.08 12.40 35 5-CH2NH2 1.18 13.81
6 4-PH2 1.83 12.25 36 4-CH2NH2 0.73 11.10
7 8a-OMe 0.99 10.05 37 8a-CH2F 1.54 9.26
8 8-OMe 2.65 4.44 38 8-CH2F 1.27 11.07
9 7-OMe 2.74 13.40 39 7-CH2F 1.39 13.61

10 6-OMe 9.09 16.30 40 6-CH2F 1.32 14.41
11 5-OMe 4.26 15.59 41 5-CH2F 0.84 14.80
12 4-OMe 2.49 15.53 42 4-CH2F 1.35 11.94
13 8a-NHMe 1.42 11.04 43 8a-CH2Cl 1.31 12.53
14 8-NHMe 4.91 13.01 44 8-CH2Cl 1.20 10.65
15 7-NHMe 3.32 18.19 45 7-CH2Cl 0.53 14.56
16 6-NHMe 14.10 15.02 46 6-CH2Cl 0.41 12.64
17 5-NHMe 5.45 13.20 47 5-CH2Cl 0.55 16.01
18 4-NHMe 4.26 7.74 48 4-CH2Cl 0.98 11.67
19 8a-NMe2 1.53 4.28 49 8a-CH2Br 1.12 12.01
20 8-NMe2 4.17 6.08 50 8-CH2Br 1.09 9.52
21 7-NMe2 4.08 16.47 51 7-CH2Br 1.20 13.56
22 6-NMe2 14.75 19.48 52 6-CH2Br 2.99 12.00
23 5-NMe2 6.99 18.26 53 5-CH2Br 2.46 15.76
24 4-NMe2 3.74 19.48 54 4-CH2Br 2.64 11.86
25 8a-CH2OH 1.68 7.40 28 6-CH2OH 1.71 15.91
26 8-CH2OH 1.54 10.56 29 5-CH2OH 2.18 13.81
27 7-CH2OH 2.24 12.85 30 4-CH2OH 1.63 11.64
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the behavior of the corresponding methyl DHAs. Red shifts of
2, 10, 3, and 1 nm are observed for 8-CH2Cl, 8-CH2Br, 6-
CH2Br, and 4-CH2Br DHAs, respectively.

In general, UV−vis spectra have a negligible effect on the
seven-membered ring of DHA by electron-withdrawing groups.
The majority of the substituents’ shifts (blue or red) are
usually within 10 nm of the parent DHA’s spectrum. Maximum
red-shifting of 8- and 6-chlorocarbonyl substituted DHAs (+23
and +21 nm, respectively) is observed.

In conclusion, testing various substituents has shown that a
spectral nonoverlap can be achieved more effectively when
electron-donating groups are introduced at positions other
than 8a and 4. This causes a substantial red shift in the VHF
UV−vis spectra, particularly methylation of OH and NH2
groups, which supports our previous finding.

3.3. Hyperpolarizability of Substituted DHA−VHF. In
the literature, there are various methods for enhancing the
nonlinear optical response of both organic and inorganic
systems. The electron push−pull mechanism proves to be an
effective method for achieving significant (NLO) responses in
organic compounds. In comparison to DHA, VHF has
significant charge separation and some zwitterionic properties,
which can contribute to a system with a significantly greater
NLO response than DHA. Otherwise, DHA has a closed
structure without any charge separation, leading to a predicted
low NLO response. In VHF, the cyanide group withdraws
electrons from the seven-membered ring, resulting in charge
separation. Increased hyperpolarizability is a result of a push−
pull mechanism, which is very similar to the effect of charge
separation. In addition, conjugation is continuous in the VHF
form, whereas it is partially interrupted in the DHA form.
Furthermore, a low hyperpolarizability value of DHA (5) can
be attributed to the fact that it is bent away from planarity. The
calculated hyperpolarizabilities, which accurately measure the
NLO response, match the predicted values. The parent non-
phenyl DHA and VHF have hyperpolarizabilities of 0.55 and
11.3 esu, respectively, according to the calculations.

DHA and VHF have different effects on the NLO response
due to substituents. As we reported in our previous study, the
hyperpolarizabilities of the system increase whenever a
substitution is made on the DHA skeleton. We see here in
this research that the hyperpolarizabilities of 8a- PH2, 8- PH2,
7- PH2, 6- PH2, 5- PH2, and 4- PH2 DHAs are 1.40, 1.37, 0.70,
2.17, 2.08, and 1.83 esu, respectively (Table 3). The highest
hyperpolarizabilities for all DHA and VHF 6-substituted
systems are calculated, quite similar to other electron-donating
substituents that were studied before. In the case of VHF, the

hyperpolarizabilities decrease first and then increase, reaching
their peak for 5-substituted VHFs. The hyperpolarizabilities of
VHFs 8a- PH2, 8- PH2, 7- PH2, 6- PH2, 5- PH2, and 4- PH2 are
11.09, 10.71, 11.37, 11.96, 12.40, and 12.25 esu, respectively
(Table 3). The highest value of hyperpolarizabilities is of VHFs
at position 5. Because of the reasons stated above, the
hyperpolarizabilities of substituted VHFs are higher than those
of the corresponding DHAs. The hyperpolarizabilities are
calculated to be the lowest for DHA at position 7. When it
comes to VHFs, the values that are calculated to be lowest are
typically for 8-substituted VHFs.

Methylation of OH and NH2 generally leads to an increase
in hyperpolarizability (for both DHA and VHF), but many
exceptions do exist (Table 3). Moreover, for CH2X DHA and
VHFs, the introduction of the additional X group has subtle
effects, and it is not trivial to segregate the effects of the
additional X moiety.

Quite a remarkable effect is observed when negative charge-
bearing moieties (O− and S−) are introduced on the DHA
skeleton (Table S4). For DHA, the highest hyperpolarizability
is calculated for 8a-O− DHA (29.39 esu). The hyper-
polarizabilities of 8-O−, 7-O−, 6-O−, 5-O−, and 4-O DHAs
are 7.44, 12.86, 13.01, 14.43, and 6.07 esu, respectively. The
hyperpolarizabilities of S−-substituted DHA systems are lower
than the corresponding O−-substituted DHAs. However, a
reverse situation is observed for VHFs where the hyper-
polarizability of S−-substituted systems is higher than the
corresponding O−-substituted VHFs. The highest calculated
hyperpolarizability for 6-S− VHF is 51.65 esu. Similarly, when
positive charge-bearing species (NH3

+ and PH3
+) are

introduced onto the DHA skeleton, the highest hyper-
polarizability is calculated for 6-PH3

+ DHA (13.45 esu). In
the case of VHF, PH3

+ has higher values than the
corresponding NH3

+. However, a reverse situation is observed
at position 8; NH3

+ has a higher value than PH3
+, which was

the highest calculated hyperpolarizability (11.42 esu) (Table
S4).

Furthermore, the hyperpolarizabilities of both DHA and
VHF in the presence of electron-withdrawing group sub-
stituents have been investigated (Table 4). For instance, the
hyperpolarizabilities of DHAs with substituents 8a-C(O)Me,
8-C(O)Me, 7-C(O)Me, 6-C(O)Me, 5-C(O)Me, and 4-
C(O)Me are 1.48, 2.10, 0.76, 4.99, 2.19, and 2.26 esu,
respectively. Meanwhile, the hyperpolarizabilities of VHFs with
substituents 8a-C(O)Me, 8-C(O)Me, 7-C(O)Me, 6-C(O)Me,
5-C(O)Me, and 4-C(O)Me are 12.28, 11.48, 11.76, 8.02, 6.88,
and 14.15 esu. This clearly shows that for all electron-

Table 4. Hyperpolarizability Values for DHAs and VHFs (Electron-Withdrawing Groups)

no. substituents DHA VHF No. substituents DHA VHF

1 8a-C(O)Me 1.48 12.28 13 8a-C(O)NH2 1.57 12.65
2 8-C(O)Me 2.10 11.48 14 8-C(O)NH2 1.32 9.13
3 7-C(O)Me 0.76 11.76 15 7-C(O)NH2 1.81 13.73
4 6-C(O)Me 4.99 8.02 16 6-C(O)NH2 1.75 12.86
5 5-C(O)Me 2.19 6.88 17 5-C(O)NH2 1.11 11.45
6 4-C(O)Me 2.26 14.15 18 4-C(O)NH2 0.69 14.37
7 8a-CO2Me 1.12 13.11 19 8a-C(O)Cl 0.99 11.49
8 8-CO2Me 0.80 12.47 20 8-C(O)Cl 2.63 13.50
9 7-CO2Me 0.63 12.49 21 7-C(O)Cl 0.96 10.73

10 6-CO2Me 2.92 10.87 22 6-C(O)Cl 7.28 5.74
11 5-CO2Me 1.31 10.58 23 5-C(O)Cl 3.59 6.64
12 4-CO2Me 0.97 16.15 24 4-C(O)Cl 2.52 13.27
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withdrawing substituents, 6-substituted DHAs and VHFs have
the highest hyperpolarizabilities, while 7-substituted DHAs and
VHFs have the lowest hyperpolarizabilities (only with a few
exceptions).

To summarize, the hyperpolarizabilities of all substituted
VHFs are greater than those of the equivalent DHAs for the
reason stated previously. Additionally, the greatest hyper-
polarizabilities for DHA and VHF 6-substituted systems are
calculated.

4. CONCLUSIONS
In conclusion, the influence of substitution on the absorption
properties of DHA−VHF at the seven-membered ring is
described, and it is observed that the maximum red shift of
DHA−VHF absorption spectra occurs when the conjugation is
stabilized by an electron-donating group. Moreover, at
positions 4 and 8a, steric hindrance causes a planarity
deformation which lowers the conjugation. On the other
hand, any electron-drawing group, particularly at the 4 and 8a
positions, would result in a blue shift. The loss of planarity and
the subsequent decrease in electronic conjugation within the
molecule cause a blue shift in the maximum absorption when
bulky groups are presented at position 8a. The hyper-
polarizabilities of all substituted VHFs are greater than those
of their corresponding DHAs, as a result of charge separation;
this contributes to a much greater NLO response. Moreover,
the highest hyperpolarizabilities for all DHA and VHF 6-
substituted systems are calculated.

The theoretical research presented in this study provides a
promising avenue for the development of nonlinear optical
materials and phototunable absorption. The findings demon-
strate the potential for engineering the electronic and optical
properties of materials through the manipulation of their
molecular structure. Additionally, the development of
computational tools to efficiently screen and optimize the
design of these materials could accelerate the discovery process
and enable the realization of novel functionalities. Overall, the
results of this study highlight the potential for nonlinear optical
materials and phototunable absorption to contribute to a range
of applications in fields such as optoelectronics, tele-
communication, and sensing.
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