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Luminescent properties of substituted 4-aminophthalimides:
computations vs. experiment

Aim. To perform a combined experimental and computational study on the luminescent properties of practi-
cally important class of organic dyes — 4-aminophthalimides.

Results and discussion. The absorption and fluorescence spectra of 4-aminophthalimide derivatives in
polar protic and aprotic solvents were computed and matched vs. the experimental data. The changes in emis-
sion spectra are mainly related to the NH,-group derivatization. The methyl substitution of amide hydrogen causes
a batochromic shift of about 7 nm in the absorption peak and a negligible hypsochromic shift in the fluorescence
peak, while introducing alkyl substituents to the amine moiety causes bathochromic shifts in absorption and
emission peaks of 30-40 nm and 10—-60 nm, respectively.

Experimental part. Absorption and emission wavelengths were computed by the standard algorithm based
on the ground state geometry optimization (equilibrium solvation), vertical excitation with nonequilibrium
solvation, and the TD-DFT geometry optimization of the excited state structures. A reliable hybrid B3LYP
functional was used in combination with DZ and TZ-quality basis sets.

Conclusions. The computed absorption wavelengths are in excellent agreement with the experimental data
and are only slightly solvent-dependent. At the same time, the discrepancy with the experiment for Stokes shifts
reaches about 20% at IEF-PCM-TD-B3LYP/6-31G(d). However, the general tendency for both absorption and
fluorescence wavelengths is identical for all solvents within one molecule.

Key words: experimental luminescence spectra; absorption; fluorescence; Stokes shifts; 4-aminoph-
thalimides; time-dependent density functional theory; polarizable continuum model

T. C. Xyk, C. B. JllaHoBeHKo, O. €. NMaweHko, A. A. PokiH

HTYY «Kuiscbkuli nonimexriyHuti iHcmumym imeHi leopsi Cikopcbkoeoy, YKpaiHa

JNMromiHecueHTHi BnacTUBOCTI 3amileHux 4-amiHodTanimMigiB: po3paxyHKu Ta eKCnepuMeHT

Merta. lNpoBecTn kOMBIHOBaHe ekcnepuMeHTarlbHO-pPO3paxyHKOBE AOCHIOAXKEHHS MOMIHECLLEHTHUX BNacTu-
BOCTEN NPaKTUYHO BAXITMBOTO KNacy opraHiyHux 6apBHUKIB — 4-amiHodTanimigis.

PesynkraTty Ta ix 06roBopeHHsA. PO3paxoBaHo i NOPIBHAHO 3 eKCnepyMeHTanbHUMM AaHNMK CNeKTpU no-
FMUHAHHS | dnyopecLeHuii noxigHnx 4-amiHoTanimigy B NONSAPHUX MPOTOHHMX | @anpPOTOHHUX PO3YMHHUKAX.
3MiHM B CeKTpax BUMPOMIHIOBaHHSI B OCHOBHOMY MOB’si3aHO 3 AepuBatusauieto NH,-rpynu. BBegeHHs MeTunb-
HOroO 3aMiCHVKa 40 aMifHOI rpynn BMKNMKae 6aTOXPOMHUIA 3CYB BrM3bKO 7 HM CUrHanYy MOMMMHAHHS | HE3HaYHUIA
rinCOXpOMHWIA 3CyB cuUrHany dryopecueHuii. BBegeHHs1 ankinbHWX 3amiCHWUKIB 4O amiHOrpynu Nnpu3soguTb 40
0aTOXPOMHMX 3CYBIB NiKiB MOMMMHAHHSA | BUNpoMiHoBaHHA Ha 30—40 HM i 10—60 HM BigNOBIAHO.

EkcnepumeHTanbHa YacTuMHa. [JOBXMHU XBUIb NOMMMHAHHS | BANPOMIHIOBaHHSA pO3paxoBaHO 3a CTaHAapT-
HMM anropuTMOoM, LLO FPYHTYETLCS Ha ONTMMIi3aLii reoMeTpii OCHOBHOIO CTaHy (piBHOBaXkHa conbBaTalisi), Bep-
TUKanbHOMY 30y/PKEHHI 3 HEPIBHOBaXHOI ComnbBaradieto i ontumisauii reometpii TD-DFT cTpykTyp 36ymxeHoro
cTaHy. HaginHmi ribpugHui dyHkuioHan B3LYP BukopucTtaHo B NoeaHaHHi 3 6azoBumn Habopamu DZ- i TZ-akocTi.

BucHoBku. Po3paxoBaHi JOBXNHM XBUIb MOMMWHAHHS J00Ope Y3roKyrTbCsl 3 eKCnepUMEHTanbHUMU AaHu-
MU | Malxe He 3anexaTtb Bif pO34MHHMKA. B TOM e Yac po3biKHICTb 3 eKCrepMMEHTOM 4151 CTOKCOBMX 3CYBIB J0-
csirae npunbnuaHo 20% Ha pisHi IEF-PCM-TD-B3LYP/6-31G(d). OgHak 3aranbHa TeHOeHLis Ans JOBXWH XBUIb
NOrnMHaHHS i dryopecLeHUil ogHakoBa 4518 BCIX PO34YMHHUKIB Y Mexax OgHIET MONEKynu.

Knrovoei croea: ekcnepuMeHTanbHi CNEKTPU NMIOMIHECLEHLIT; MOrMMHAHHS; doyopecLeHLisl; CTOKCOBI
3cyBu; 4-amiHoTanimign; Yac-3anexHa Teopis yHKUioHany ryCTMHU; MoAenb Nonsipu3oBaHOro KOHTUHYYMY

T. C. Xyk, C. B. IlaHoBeHko, A. E. NMaweHko, A. A. DokuH

HTYY «Kuesckuli nonumexHu4eckuli uHcmumym umeHu Meops Cukopcko2o», YkpauHa

JlloMMHecLleHTHble CBOMCTBA 3aMeLUeHHbIX 4-aMMHODTAaNMMNLOB: pacyeTbl U IKCNEePUMEHT

Llenb. MNpoBecTv KOMOMHMPOBaHHOE 3KCMEPUMEHTANTbHO-PaCHETHOE UCCIEA0BAaHME NIIOMUHECLIEHTHBIX CBONCTB
NpakTUYECKN BaXXHOIO Krnacca opraHuyeckmx kpacutenenm — 4-aMmMHoTanMumMmaos.

PesynbraTtbl M UX 06cyxaeHune. PaccuntaHbl M CONOCTaBIEHbI C AKCMEPUMEHTaNbHBIMU AAHHBIMU CMEKTPbI
MOrTOLLEHMS 1 (oryopecLEHLMM MPOM3BOAHBIX 4-aMUHODTaNMMMAA B NMOMSAPHBLIX MPOTOHHBIX U aNMPOTOHHBLIX PACTBO-
putensx. CnekTpbl U3NyyYeHs B OCHOBHOM CBSi3aHbl ¢ AepuBatu3auven NH,-rpynnel. BBeaeHne metunsHoro
3aMecTUTens B amuaHyo rpynny Bbl3biBAaeT 6AaTOXPOMHbIVA COABUI OKOMO 7 HM MakCHMyma MOrfoLLEHUS U He-
3HAUUTENbHbIV TMNCOXPOMHbIN CABUI MakcuMyMa doryopecLeHUmn. BBeaeHne ankunbHbIX 3aMecTUTenei B aMUHHYHO
YacTb BbI3bIBAET OATOXPOMHbIE CABUMM NMKOB nornoLleHns u nanyyveHunst Ha 30—40 Hm 1 10—60 HM COOTBETCTBEHHO.

OkcnepuMeHTanbHas YacTb. [AnvHbl BOMH MOMMOLLEHNS U U3NyYeHNUs paccyuTaHbl Mo CTaHAapTHOMY anro-
pUTMY, OCHOBaHHOMY Ha ONTUMM3ALMN FEOMETPUM OCHOBHOIO COCTOSIHUS (pPaBHOBECHAsA CoNnbBaTauus), BEpTU-
KanbHOM BO30Y>XOAEHUN C HepaBHOBECHOW conbBaTauuen n ontummnsaumm reometpumn TD-DFT cTpykTyp BO30Yyx-
[OEHHOro cocTosiHuA. HagexHbii rmbpugHeiii pyHkumoHan B3LYP ncnonb3oBanu B coveTaHny ¢ 6asnucHbiMu
Habopamun DZ- n TZ-ka4ecTBa.
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BbiBoabl. PaccunTaHHble AnUHBI BOMH MOTOLLEHNS NPEKPaCcHO COrnacykTcsl C 9KCNepuMeHTanbHbIMM
OaHHLIMU U N HE3HAYMTENbHO 3aBUCAT OT PacTBOPUTENS. B TO e BpeMsi pacxoxaeHne ¢ 3KCrepuMeHTOM
ONS CTOKCOBbIX cABuros gocturaeT npumepHo 20% Ha yposHe IEF-PCM-TD-B3LYP/6-31G(d). OgHako obuas
TeHAeHUMs Ans ANWH BOSH MOFMoLLeHust 1 hriyopecLeHUmMn oavMHaKoBa Ansi BCeX pacTBOpUTENEN B npeaenax

OLHOW MOMEKYyrbl.

Knroueenie cnoea: 9KCnepumMeHTalbHble CNEeKTPbl NNIIOMUHEeCUEeHUWWU; nornoLleHune; q)nyopecu,eHu,mﬂ;
CTOKCOBbI CABUIM; 4-aMUHOMTanMMmnapbl; BpEMEHHO-3aBUCUMAs TEOpPUS d)yHKLl,VIOHaJ'Ia NNOTHOCTU; MOAenNb

NonsipU3yeMoro KOHTUHyyMa

4-Aminophthalimide 1 combines electron-dona-
ting amino group conjugated with the phthalimide
moiety; this determines its distinct fluorescent pro-
perties (Stokes shifts > 100 nm) [1]. The derivatives
of 1 continuously attract great attention because of
biological applications [2], particularly as fluorescent
markers [3] and environment-sensitive probes [4].
The fluorescence spectra of 1 not only strongly de-
pend on the substituents [2, 5], but are remarkably
solvent-sensitive due to the intramolecular charge trans-
fer nature of the emitting state. It has been found that
bathochromic shifts of the emission spectra of 1 in
protic solvents are much greater than those observed
in aprotic ones: the emission maximum shifts from
430 nm in toluene to 550 nm in water [6-7]. Addi-
tionally, the excited state of 1 has a relatively long li-
fetime of ca. 15 ns [8], but drops substantially in pro-
tic solvents, such as alcohols and especially in water
[8, 9]. Due to its long excited state lifetime and high
solvatochromism 1 is an ideal probe for monitoring
the relaxation of various media, especially where H-bonds
are involved [7]. It was extensively used to monitor
microenvironments and solvation of a variety of subs-
trates, including micelles, cyclodextrins, hydrogels, and
ionic liquids [6, 10]. Most recent studies include the syn-
thesis of 4-aminophthalimide C-nucleosides as iso-
steric fluorescent DNA base substitutes [11] probing
the aggregation behavior of substituted 1 [12]. The mo-
deling of hydrogen-bonding dynamics of 1 in aqueous
solution [13] and modulation of 1 spectral proper-
ties by hydrogen bonds in water [14] were successfully
performed using the time-dependent density func-
tional theory (TD-DFT) approach. All above raises
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Fig. 1. The structures of 4-aminophthalimide derivatives studied
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the importance of computational prediction of lumi-
nescent properties of the derivatives of 1, and it is
the subject of current study.

Results and discussion

Herein, we studied the luminescent properties of
4-aminophthalimide 1 derivatives, namely 4-amino-
N-methylphthalimide 2, 4-amino-N-ethylphthalimide 3,
4-amino-N-(n-propyl)phthalimide 4, 4-amino-N-(iso-
propyl)phthalimide 5, 4-amino-N-cyclohexylphthal-
imide 6, 4-amino-N-(1-adamantyl)phthalimide 7, 4-
(N-ethyl)amino-N-methylphthalimide 8, and 4-(N,N-
diethyl)amino-N-methylphthalimide 9 (Fig. 1) prepa-
red as described earlier [2, 5].

Since the experimental fluorescence spectra of
4-aminophthalimide derivatives are determined by
the allowed transitions between the S, /S, electronic
states [15], the frontier orbitals of 1 and its methyl
derivative 2 were first analyzed through the optimi-
zation of their S,-state geometries (Fig. 2).

As the amine nitrogen contributes substantially
both to HOMO and LUMO, the introduction of substi-
tuents to the amino group should lead to shifts in both
the absorption and emission bands. In contrast, the phthal-
imide nitrogen mostly contributes to the HOMO (Fig. 2).
The above set of model molecules 1-9 allows us to
vary the substitution pattern in both directions.

First, the ability of the TD-DFT approach to repro-
duce the experimental absorption spectra of com-
pounds 1-9 was tested (Table 1). The computations
of the vertical excitation step of substituted 1 with
even relatively small basis sets provided absorption
wavelengths in good agreement with the experiment.

8 9
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Fig. 2. The structure of HOMO (left) and LUMO (right) corresponding
to S,—S, transition in 4-aminophthalimide (1, top) and
4-(N,N-diethyl)amino-N-methylphthalimide (9, bottom) computed

at B3LYP/cc-pVTZ

[t should be mentioned that the previous TD-DFT
computations of the S, absorption peak were calcu-
lated to be at 344 nm for 1 [13].

The 6-31+G(d,p) basis set tends to overestimate
wavelengths by 5 to 24 nm, while cc-pVDZ underesti-
mates them by 3 to 9 nm. Generally, the 6-311++G(2d,2p)
basis set provides the best correlation between theory
and experiment (less than +8 nm deviation). The lar-
ger basis set causes an insignificant improvement of
the quality, but the deviation on emission spectra
(see below) is even larger than for the cc-pVDZ basis
set. From the whole set of molecules only 4-(N-ethyl)-
amino- 8 and 4-(N,N-diethyl)amino- 9 N-methylphthali-
mides are excited by visible light. The correlation-
consistent cc-pVDZ basis set provides the best results
for N-ethyl- and N,N-diethylamino-substituted deri-
vatives 8 and 9 (the exact coincidence and -3 nm de-
viation compared to +24 and +22 nm for 6-31+G(d,p)
and +16 and +15 nm for 6-311++G(2d,2p)); it gives
a hint of computing the similar structures without
including diffuse functions in order to lower compu-
tational costs and using even smaller basis sets for
estimating excitation energies. For a more adequate
evaluation of solvent effects a basis set containing
the diffuse functions should be used.

Most excellent agreements were found with the
cc-pVDZ basis set for doubly N,N-alkylated derivatives
8 and 9. According to the results of Table 1, the cc-pVDZ
basis set failed to reproduce the experimental mea-
surements for N-(1-adamantyl)phthalimide 7. Despite
successfully computing excitation energies for 7,
the cc-pVDZ basis set failed to converge on the excited
state geometry optimization step. Thus, the 6-31+G(d,p)
is sufficient for estimating excitation energies of 7,
and a larger basis set is compulsory for computing
fluorescence spectra.

Further, we made an attempt to reproduce the fluo-
rescent properties of 1 and its methyl derivative 2
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with the TD-B3LYP/cc-pVDZ approach (Table 2). The ab-
sorption wavelengths obtained from the vertical ex-
citation of 1 with the linear response solvation are in
good agreement with the experiment, while the com-
puted emission wavelengths exhibit considerably lar-
ger deviation and result in ca 40 nm deviations in
the theoretical Stokes shifts from those observed ex-
perimentally for 1. As calculated, the methyl substi-
tution causes an insignificant bathochromic effect in
2 increasing the absorption wavelength by 6-7 nm
compared to unsubstituted 1; it is consistent with
the nature of frontier orbitals (see above).

In order to compute the fluorescence wavelengths
for all molecules studied a small basis set 6-31G(d)
was chosen as it allowed us to optimize the most
time-consuming stage of the frequencies calculation
of excited states for the whole set of compounds.
However, we excluded adamantane derivative as its ex-
cited state optimization represented particular chal-
lenge. The absorption and fluorescence wavelengths
obtained, as well as Stokes shifts, are shown in Table 3.

As noted above, the absorption wavelengths are
well reproducible for the whole set of substituted
4-aminophthalimides even when a small basis set
is used. Concerning the fluorescence wavelengths,
deviations from the experimental spectral data are
no more than 25 nm for molecules with only substi-
tuted imide moiety (errors in computed Stokes shifts
are less than 20%). At the same time, for 8, which
has the ethyl substituent on the amine moiety, the theore-
tical emission wavelength is 42 nm larger than the expe-
rimental emission wavelength. General tendencies in
fluorescence wavelengths (a negligible hypsochromic
shift for imide-substituted 4-aminophthalimides and
remarkable bathochromic shifts for amine-substitu-
ted derivatives) were reproduced appropriately by our
computations with even rather narrow basis set -
6-31G(d). Calculations using ethanol as a model sol-
vent showed the similar tendencies as observed in
other solvents.

As seen from Fig. 3, values of absorption and emis-
sion wavelengths for all molecules studied in diffe-
rent solvents are in direct relations with their dielect-
ric constants. Thus, general tendencies in both ab-
sorption and fluorescence wavelengths are consistent
for all solvents within one molecule.

Experimental part

Experimental spectra were obtained on a Jasco
FP-8300 spectrometer. All calculations were perfor-
med with the Gaussian09 suite of programs [16].
The B3LYP [17] hybrid functional was selected for
the TD-DFT [18-19] computations. The bulk solvent
effects were assessed by means of the polarizable
continuum model (PCM) [20] in its linear response
(LR) formalism for geometry optimizations and fre-
quency calculations, whereas both the LR and state-
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Table 1

abso

Maximal absorption wavelengths (A,.., nm) determined for substituted 4-aminophthalimides
using the TD-B3LYP functional with various basis sets (all data refer to methanol solutions)

No. Structure B3LYP/6-31+G(d,p) | B3LYP/6-311++G(2d,2p) B3LYP/cc-pvDZ Exp.
(o]
N
1 - | L N-H 380 372 362 371

2 J@%«N-Me 385 378 368 -
HN
o]

Me
3 J@QNJ 385 377 368 -
H,N

Me
4 - J\A;[IéNI 385 377 369 376

Me
5 J@f?H 384 376 369 378
H,N Me

¢}
g
6 " Ji;q = 385 377 370 378

o]
7 N @QN@ 381 375 766 374

8 N-Me 415 407 391 391
pee

Me N-Me
9 \ 426 419 401 404

Table 2
Maximal absorption and fluorescence wavelengths computed for 4-aminophthalimide 1
and 4-amino-N-methylphthalimide 2 with TD-B3LYP/cc-pVDZ
with bulk solvation effects modeled for different solvents
Theoretical Experimental
No. Molecule Solvent oo o beo P~
A, NM A M Amax, NM A M

¢ methanol 362 589 371 530
H,N L

o acetonitrile 362 590 - -

P methanol 368 585 - 545

2 /E:QN—Me

HN S acetonitrile 369 586 366 475
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Table 3

Theoretical and experimental absorption and fluorescence wavelengths, as well as Stokes shifts,
computed for a set of 4-aminophthalimide derivatives using IEF-PCM-TD-B3LYP/6-31G(d) approach
with bulk solvation effects modeled in methanol

Theoretical Experimental
No. Structure abso fluo Stokes abso fluo Stokes
Amax,NM Amax » M shift, nm Anax, NM Arnaxs N shift, nm
0]
1 /ED:?N—H 363 553 190 371 530 159
H,N S
[¢]
2 J@Qﬂ-m 369 552 182 - 545 -
H,N S
¢}
Me
3 . Q[éw 369 550 180 - 544 -
(0]
[0)
4 " " 369 549 180 378 543 165
o
0]
Me
5 o K:QHW 369 550 181 378 544 166
O
0]
6 o @:?N@ 371 - - 378 543 165
o
o]
8 . J@[ﬁwe 393 597 204 391 555 164
H o]
¢}
Me
9 LNQféNMe 404 618 214 404 - -
Me/\ o

specific formalisms were applied to compute transi-
tion energies. The Gaussian09 defaults for the PCM
cavity definitions were retained in all calculations.

220 e
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E 200 /;/',//‘
£ 190 —e
% 180 %
§ 170
o 160

150 b'_ﬁ—u-\_.

140

1 2 3 4 5 8 9

Compound number

—4&—Ethanol —@— Acetonitrile —®— Dichloromethane

Fig. 3. Stokes shifts computed for a set of 4-aminophthalimide
derivatives 1-9 using the IEFPCM-TD-B3LYP/6-31G(d) approach
with the bulk solvation model in ethanol, acetonitrile, and
dichloromethane
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The absorption maxima computed in the presence of
the solvent reaction field were determined by using
a non-equilibrium model, whereas the excited-state
minimizations and the fluorescence calculations in
solution were performed within the equilibrium ap-
proximation. Absorption and emission wavelengths
were computed by the standard algorithm based on
the ground state geometry optimization and frequ-
encies (equilibrium solvation), vertical excitation with
nonequilibrium solvation, TD-DFT geometry optimi-
zation of the excited state structure, computation of
vibrational frequencies of the excited state structure,
the state-specific equilibrium solvation of the excited
state, and computation of the ground state energy with
nonequilibrium solvation at the excited state geo-
metry. Absorption wavelengths were obtained from
the vertical absorption step; the emission wavelength
was calculated by subtracting energies of the equilib-



ISSN 2518-1548 (Online)

XypHan opraHidyHoi Ta hapmaneBTUYHOI Ximii. — 2020. — T. 18, sun. 1 (69)

ISSN 2308-8303 (Print)

rium solvated excited state and the nonequilibrium
solvated ground state and converting it to the wave-
length scale. The Stokes shifts were computed by
subtracting vertical absorption and emission ener-
gies and converting to the wavelength scale.

Conclusions

Using the TD-B3LYP/6-31G(d) method we com-
puted the absorption and fluorescence wavelengths
of 4-aminophthalimide derivatives in methanol, etha-
nol, acetonitrile, and dichloromethane. They were in
good agreement with the experimental measurements.
Substitution on the amino group had the most sig-
nificant impact on the emission spectra. Theoretical
errors in the computations of Stokes shifts did not
exceed 20% at IEF-PCM-TD-B3LYP/6-31G(d). Absorp-

tion wavelengths computed with vertical approxima-
tion even with small basis sets reproduced well the expe-
rimental results for all molecules studied, excluding
4-amino-N-(1-adamantyl)phthalimide, which was
the most challenging task. Using IEF-PCM-TD-B3LYP/
6-31G(d) model computations we assessed solvent
effects on absorption and emission wavelength in
polar protic and aprotic solvents. It turned out that
this combination of the solvation model and the basis
set gave only approximate evaluation of the solvent
effects. Thus, more advanced functionals, different sol-
vation models (including explicit solvation), and lar-
ger basis sets are needed to improve the computa-
tional prediction.
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