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Computational Methods

The photochromic properties of the NBD-QC carboxylate system were theoretically stud-
ied using density functional theory (DFT) and its time-dependent analogue (TD-DFT). All
calculations were performed using Gaussianl6.! Structures resulting from geometry opti-
mizations were confirmed as energy minima or transition states through harmonic frequency
analyses (having zero or a single imaginary frequency, respectively). The Gibbs free energy
calculations include the zero-point vibrational energy and thermal contributions evaluated
at a temperature of 298.15 K and a pressure of 1.00 atm.

The geometries of the NBD and QC carboxylate were optimized in vacuum using the
range-separated hybrid functional CAM-B3LYP?2 and the Pople style 6-311+G(d) basis set®™®
with a negative charge and a spin multiplicity of one. This method has previously provided
spectroscopic properties of similar systems that are in good agreement with experimental
results.° The adiabatic electron detachment energies were obtained using the same method
and basis set.

Conformational samplings of the two structures were performed by employing the Confab
algorithm implemented in Open Babel 2.4.1! with an energy cutoff of 50.0 kcal /mol and a
RMSD cutoff of 0.3 A. This resulted in 5-6 conformers, which were reduced to 1-2 distinct
conformers after geometry optimizations in both vacuum and methanol followed by RMSD
calculations using the Kabsch algorithm!®'® with a tolerance of 0.3 A. The solvent was
treated as a dielectric medium through a static and an optical dielectric constant (e =
32.61 and ¢,, = 1.766, respectively) using the IEF-PCM continuum solvation model. 415
Subsequently, TD-DFT calculations for the lowest-energy conformers were performed in
order to simulate the UV-Vis spectra shown in FigureS2. For the transition state (TS),
calculations were also preformed in both vacuum and methanol and the imaginary frequencies
were confirmed to correspond to the breaking/forming of the 7-bonds in the NBD isomer and
the forming/breaking of the o-bonds in the QC isomer. Intrinsic reaction coordinate (IRC)

calculations confirmed the connection of the TS to the NBD and QC isomers. The energy
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of the TS allowed us to calculate the energy barrier of the thermal back-reaction going from
the QC isomer to the NBD isomer (AH(EC_)NBD and AGEC_}NBD). It should be mentioned,
that we have performed calculations with both unrestricted DFT (UDFT) and restricted

6.8 reporting spin contamination

DFT (RDFT), due to previous studies on similar systems
of about 1 in the area of the TS, as the Sy and T; states become degenerate. However,
for this system we observed no spin contamination and obtained similar results for the two
methods. Furthermore, the IRC calculations resulted in an energy landscape with a proper

saddle point having a finite curvature, which further indicates that the Sy and T states of

this specific system are not degenerate.
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Molecular geometries

In this section, we present the geometries and energies of the lowest-energy conformers
calculated at the CAM-B3LYP/6-311+G(d) level of theory with and without the IEF-PCM
solvation model to mimic the polarization effects of methanol. Energies are reported in
units of Hartree and Cartesian coordinates (XYZ) in units of Angstrém. Intrinsic reaction
coordinate (IRC) calculations connecting the NBD carboxylate and the QC carboxylate are
also presented. TableS1 summarizes the energy barrier of the thermal back-reaction going
from the QC carboxylate isomer to the NBD carboxylate isomer and the corresponding

storage energy.
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NBD in vacuum QC in vacuum

Electronic energy: -782.619904035 Electronic energy: -782.575905401
Gibbs free energy: -782.449536 Gibbs free energy: -782.408368
Atom X Y 7Z Atom X Y 7Z

2.16091 -1.45237  0.44984
2.30821  0.81471  0.07420
2.92023 -1.75416 -0.84676
3.33121 -0.88806  1.28972
1.58692 -2.26921  0.87803
3.69362  0.14424  0.20092
217777 217950 -0.25351
3.83658 -0.80368 -0.99583
2.67023 -2.55290 -1.53245
4.11624 -1.62534  1.46953
3.01086 -0.43101  2.22732
4.52159  0.82525  0.38780
2.15176  3.30246 -0.51461
4.50682 -0.65040 -1.83143
-0.08462 -0.10369  0.14772
-0.81143 -1.28149 -0.08108
-0.80348  1.09142  0.30215
-2.19324 -1.26191 -0.16108
-0.28804 -2.22232 -0.21562
-2.18541  1.09727  0.23360
-0.27469  2.01829  0.49291
-2.90197 -0.07571  0.00199
-2.76546 -2.16353 -0.34578
-2.75319  2.01122  0.36252
1.36703 -0.14542  0.21868
-4.44908 -0.06608 -0.06466
-4.97195 -1.17598 -0.28429
-4.97700  1.04792  0.11105

2.17710 -1.61181  0.55160
2.51232  0.66969 -0.12790
2.29851 -1.32511 -0.92910
3.41211 -1.15112  1.28850
1.59560 -2.46471  0.87660
3.77941  0.02458  0.41520
2.33802  2.07529 -0.22740
3.37011 -0.22472  -1.00770
2.01000 -2.00321 -1.71940
4.20140 -1.90912  1.30300
3.19511 -0.85052  2.31710
4.62721  0.66518  0.62380
2.24243  3.21849 -0.31380
3.93931  0.07748 -1.87520
1.42271 -0.45211 -0.06250
-0.04819 -0.28110 -0.04730
-0.81279 -0.52120 -1.18670
-0.70209  0.10050  1.12570
-2.19659 -0.40359 -1.14810
-0.31699 -0.81050 -2.10930
-2.08289  0.22301  1.15560
-0.11989  0.29300  2.02360
-2.85019 -0.03619  0.02230
-2.80809 -0.59669 -2.02190
-2.60888  0.51151  2.05830
-4.39409  0.06872  0.06900
-4.97489 -0.18828 -1.00380
-4.86919  0.39192  1.17540

oocoaQapmaoxarccaoaEzomnmmaocaEaacan
oocoaomEpaoaramacccaoaEzosmnmZaocaEaacaad
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TS in vacuum

Electronic energy: -782.511020739

Gibbs free energy: -782.345270

=
S
B

oocoaomEpaQramaccazaoamrmmaoaoarmDmaaoacaad

X
-3.22334
-3.73567
-2.13641
-2.28626
-3.49400
-3.44041
-4.23123
-2.42819
-1.41751
-4.65682
-1.59250
-1.60458
-3.45143
-2.33621
-2.33223

0.01849
0.64371
0.83548
2.02643
0.04611
2.20659
0.38676
2.82573
2.52350
2.85019
4.37101
4.81815
4.96645

Y
-0.26982
-0.02761
-1.64962
-1.33018
-1.33502
-1.17871
-2.10758

0.75376
-0.36942
0.52711
-2.53507
-1.60000
0.37076
2.09512
3.23269
-0.25081
1.00286
-1.39313
1.10179
1.90024
-1.27881
-2.37771
-0.02859
2.06182
-2.14469
0.08100
1.23777
-1.00705

Z
1.13738
-0.22064
-0.35077
1.13007
-0.96990
-2.04812
-0.73680
-0.38647
-0.19424
-0.35621
-0.65084
1.91733
1.97902
-0.04812
0.19800
-0.10229
-0.18051
0.02248
-0.15446
-0.26971
0.06310
0.10114
-0.02947
-0.22426
0.16309
0.01030
-0.08389
0.13147
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NBD in methanol QC in methanol

Electronic energy: -782.715129331 Electronic energy: -782.677131373
Gibbs free energy: -782.544555 Gibbs free energy: -782.507844
Atom X Y 7Z Atom X Y 7Z

-2.20736 -1.42132 -0.51677
-2.29281  0.83041 -0.04343
-2.95085 -1.75522  0.78461
-3.37979 -0.79079 -1.30879
-1.65988 -2.23460 -0.98518
-3.69759  0.20545 -0.16983
-2.07774  2.16483  0.35769
-3.83807 -0.78836  0.99072
-2.72235 -2.60224  1.41741
-4.18738 -1.49747 -1.50006
-3.06995 -0.30553 -2.23549
-4.51101  0.91246 -0.31091
-1.94932  3.26185 0.68884
-4.50604 -0.66026  1.83184
0.07282 -0.11575 -0.18680
0.77994 -1.27544  0.14913
0.80145 1.04969 -0.45286
2.16274 -1.26114  0.24061
0.24369 -2.19425  0.35688
2.18380  1.05225 -0.37069
0.28544 1.95559 -0.74706
2.88460 -0.09941 -0.01817
2.70237 -2.15951  0.51226
2.74222  1.95448 -0.58591
-1.38608 -0.14549 -0.25082
4.41068 -0.08922  0.07471
4.96030 -1.16611  0.40338
4.98141  0.99554 -0.18481

-2.22717  -1.50727 -0.78697
-2.48512  0.65883  0.22815
-2.35671 -1.44641  0.71447
-3.42760 -0.88266 -1.45789
-1.67382 -2.32258 -1.23463
-3.77206  0.15052 -0.41236
-2.22876  2.00953  0.56371
-3.39050 -0.33198  0.95254
-2.10887 -2.24777  1.39543
-4.24211  -1.59720 -1.60132
-3.18174  -0.43210 -2.42203
-4.59663  0.84236 -0.52288
-2.01751  3.10687  0.84221
-3.95298 -0.14395  1.85505
-1.44246 -0.47514  0.00515
0.02663 -0.32503  0.01381
0.84032 -1.19829  0.73372
0.63472  0.69144 -0.72570
2.22227 -1.06903  0.70043
0.38849 -1.98482  1.32865
2.01513  0.82254 -0.74662
0.02259  1.38409 -1.29445
2.83021 -0.05807 -0.03846
2.84827 -1.75328  1.25968
2.48027 1.61356 -1.32176
4.35029  0.08329 -0.07208
5.01101 -0.75972  0.58003
4.81449  1.02972 -0.75111

cloNeoRoN"R=-NoN:-NoN:-RONONONO NI AR NONONOR"-NONONONO!
oocoaomEpaoaramacccaoaEzZzmnmDmaocaEaoacad
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TS in methanol
Electronic energy: -782.613376919
Gibbs free energy: -782.446750

X Y Z
-3.23168 -0.02204  1.26281
-3.73959  0.02709 -0.12915
-2.20949 -1.67225 -0.03223
-2.22436 -0.98659  1.34742
-3.59382  -1.42068 -0.61748
-3.60727 -1.48217 -1.70551
-4.34230 -2.09461 -0.19778
-2.42290  0.67635 -0.58482
-1.46729 -0.40728 -0.08288
-4.65854  0.56896 -0.31883
-1.70942  -2.62774 -0.10751
-1.60166 -1.21940  2.19388
-3.48648  0.69699  2.03273
-2.19323  2.03078 -0.61638
-2.01955  3.18465 -0.71002
-0.00219 -0.29581 -0.04328
0.61239  0.87159  0.42021
0.80508 -1.34688 -0.48640
1.99302 0.97581  0.44649
0.00528  1.69579  0.77379
2.18601 -1.22905 -0.46888
0.35416 -2.25541 -0.86702
2.79819 -0.07075  0.00100
246725 1.87685  0.81456
2.80930 -2.04008 -0.82327
4.32345 0.05006  0.02455
4.79397  1.11170  0.49323
4.96917 -0.92343 -0.42709

=
o
5

oocoaomEpaQramaccazaoamrmmaoaoarmDmaaoacaad

Table S1: Energy barriers for the thermal back-reaction and the corresponding
storage energy calculated at the CAM-B3LYP/6-3114+G(d) level of theory in
vacuum and in methanol solution.

Vacuum Solution

AH{ NpD. gas [keal/mol]  39.1 38.2
AGHe NED, gas [keal/mol]  39.6 38.3
A H22e [MJ kgl 0.48 0.41
AGstoree [MJ kgl 0.46 0.41
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Figure S1: IRC calculations at the CAM-B3LYP /6-311+G(d) level of theory for conversion
of NBD carboxylate (left) to QC carboxylate (right). Energies are relative to the NBD
carboxylate isomer in methanol.
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Simulating UV-Vis Spectra

In this section, we describe the methods used to simulate the UV-Vis spectra of NBD car-
boxylate. The spectrum is simulated assuming the bands can be represented by Gaussian
functions with intensities proportional to the oscillator strengths. Thus, the UV-Vis spectra
can be plotted as the extinction coefficient, €, versus the wavelength, A, using the following

equation 6

1 1

2
N e =S ke e | a2
E(A)—Z€z(/\)—izlk Ains exp | —4-In(2) <A171/2-10_7> ’ (1)

=1

where f; is the calculated oscillator strength, A; is the corresponding wavelength in nm,
and Ay, is the full width at half maximum of the Gaussian band (in these simulations
Ay = 0.4eV = 0.4 - 8065.54 em ! = 3226.22 cm™!). Furthermore, the constant k is given
by

k= Ny- e Y e O T 2)

"~ 2-mg-c® e - In(10) T mol - cm?

where N, is Avogadro’s constant, ¢ is the speed of light, e is the elementary charge, m, is
the mass of an electron, and ¢ is the vacuum permittivity.

Figure S2 shows the calculated UV-Vis spectra of the NBD-QC carboxylate system using
TD-DFT at the CAM-B3LYP/6-311+G(d) level of theory in both vacuum and a dielectric
medium of methanol. The black solid line shows that a fairly strong low-energy transition
of NBD carboxylate in vacuum occurs at A=317 nm, while this transition is blue-shifted by
14nm in methanol (red dashed line). For the QC carboxylate in vacuum (blue solid line),
the first strong electronic transition occurs at A=220 nm, whereas the first strong electronic

transition of QC carboxylate in methanol (green dashed line) is red-shifted by 12 nm.
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Figure S2: Calculated UV-Vis spectra of the NBD and QC carboxylate using TD-DFT at the
CAM-B3LYP/6-311+G(d) level of theory in vacuum and in a methanol dielectric medium.
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