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Should the dual-parameter equation be used in the correlation
analysis of fluorescence spectral data of substituted styrenes and
a-methylstyrenes?
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Abstract

The fluorescence spectra of 13 para-substituted styrenes (Y-STs) and ten para-substituted a-methylstyrenes (Y-MSTs) were
recorded and correlation analysed by both the dual-parameter equation and the single-parameter equation. Very good correlations
of the fluorescence energy (AE) can be obtained by using the dual-parameter equation with the o3," scale in combination with
either o, Or 0. Our results suggest that the singlet excited states of styrenes are diradical in nature as expected, and there
is no need to use excited state substituent constants for this type of molecular species.
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1. Introduction

Although Hammett-type polar o* scales have been
extensively applied successfully to ground state chem-
istry, it is not known whether they are equally applicable
to excited state chemistry. For instance, Baldry [1] and
Shim [2] have proposed new sets of substituent constants,
i.e. o., and o*, for excited state chemistry, and, more
recently, McEwen and Yates [3] suggested that existing
ground state o scales are not applicable to the pho-
toreactions of substituted styrenes and phenylacetylenes,
and proposed a o** scale for use in photochemical
reactions. Very recently, Mai et al. [4] reported a
successful correlation analysis of fluorescence spectral
data, and showed that the exciplex energies of para-
substituted trans-stilbenes and 3-substituted phenan-
threnes can be correlated linearly with the Hammett
constants.

In this work, we aim to tackle this problem. We
propose that, for a particular molecular system, e.g.
styrene, if the singlet excited state is radical in nature
because it possesses two half-occupied molecular or-
bitals [5,6], it might be possible to correlate the fluor-
escence emission energy (AE) by a combination of
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ground state polar and spin delocalization constants,
o* and o, as shown by Eq. (1)

AE(Y)=poX po+C 1)
AE(Y)=po*+C 2)

We report the fluorescence spectra of 13 p-Y-sub-
stituted styrenes (Y-STs) (with Y=NMe,, F, Cl, Br,
OMe, SMe, Me, tert-Bu, H, CN, SiMe,, CF; and MeSO,)
and ten p-Y-substituted a-methylstyrenes (Y-MSTs)
(Y=F, Cl, Br, SMe, Me, H, CN, SiMe,, CF, and
CO,Me). The results of correlation analysis are dis-
cussed.

2. Experimental section
2.1. Apparatus

Fluorescence spectra were measured on a Per-
kin—Elmer LS-50 luminescence spectrometer. Nuclear
magnetic resonance (NMR) spectra were recorded on
a Varian XL-200 spectrometer, with tetramethylsilane
(TMS) as external standard. IR spectra were taken on
a Shimadzu IR 440 instrument.
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2.2. Reagents and substrates

Analytical grade acetonitrile was purified using alkali
(KMnO,) followed by fractional distillation from CaH,
{7]. Analytical grade and freshly fractionated (boiling
point (b.p.), 56-58 °C/30 Torr) styrene was used. p-
SO,Me-ST was a gift from Mr. Daniel Z.R. Wang {8].
Other Y-STs were prepared by previously reported
methods [9]. The Y-MSTs were donated by Dr. Wayne
W.Z. Liu [10].

2.3. Measurement of fluorescence spectra

A 1 cm quartz cell was used for fluorescence mea-
surements. The cell was capped with a septum and
degassed with nitrogen. The concentrations of the so-
lutions were adjusted to (0.1-1)xX10* M for spectro-
scopic measurements. The spectra were recorded at
room temperature.

3. Resuits and discussion

Thirteen Y-STs and ten Y-MSTs (see above) were
examined. Their spin delocalization substituent con-
stants ¢” and polar substituent constants o* are sum-
marized in Table 1. When a solution of Y-ST or Y-
MST is excited at an excitation wavelength of A_, (see
Table 2) at room temperature in the cell, a fluorescence
emission spectrum with maxima Aaxem) in the 300-380
nm region is obtained. A typical fluorescence spectrum
is shown in Fig. 1. The spectral parameters A, em)

Table 1
Polar and spin delocalization substituent constants of substituents
Y

Y 0”' a aa' b UC. < Omb a op d ot d
NMe, 1.00 -09 -083 -170
F -002 -0.011 -0.08 -024 006 -007
Cl 0.22 0.011 0.12 0.11 0.23 0.11
Br 0.23 0.13 0.13 0.23 0.15
OMe 0.23 0.018 024 -077 -027 -0.78
SMe 0.62 0.063 043 -0.18 000 -0.60
Me 0.15 0.015 0.11 -029 -017 -0.31
tert-Bu 0.26 0.008 013 -022 -020 -0.26
H 0 0 0 0 0 0
CN 0.42 0.040 0.46 0.86 0.66 0.66
SiMe; 0.31 0.017 0.17 0.14 -0.07 0.02
CF; -0.01 ~0.009 0.07 0.49 0.54 0.61
SO, Me © 0.41 0.005 0.64 0.72

CO,Me 0.33 0.043 0.48 0.45 0.49

* Data taken from Ref. [11].

® Data taken from Ref. [12a].

¢ Data taken from Ref. [12b].

¢ Data taken from Ref. [13].

¢ The ), and o, values given for the SO,Me group in Ref. [11]
are slightly in error. The oy;” values should be 0.41 4+ 0.04 instead of
0.3840.03, and the o, value should be 0.64 instead of 0.55.

Table 2
Maximum fluorescence emission wavelengths (Amuxem;) for Y-STs
and Y-MSTs

Y Y-ST Y-MST

/\mu(em) ¢ AE ® Aex ¢ /\mu(em) * AE b Aex €

NMe, 370 77.3 294

F 304 94.1 244 310 923 244
Ci 312 91.7 248 317 90.2 249
Br 316 %0.5 248 317 90.2 294
OMe 324 88.3 257

SMe 344 83.1 285 344 83.1 284
Me 309 92.6 247 316 90.5 248
tert-Bu 316 90.5 248

H 303 94.4 279 308 929 247
CN 313 91.4 262 318 89.9 265
SiMe, 310 923 248 318 89.9 249
CF, 298 96.0 250 308 92.9 250
SO,Me 311 92.0 250

CO,Me 316 90.5 266

*In nanometres.
® AE = 2.86 X 10 Apuniemy (kcal mol~1).
¢ Excitation wavelength (in nm) used.
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Fig. 1. Fluorescence excitation and emission spectra of p-SiMe;-ST
in acetonitrile at room temperature ([p-SiMe;-ST]=2.06x10"°% M).

and A, of the Y-STs and Y-MSTs are listed in Table
2.

The fluorescence energy (AE) values were correlated
by Eq. (2) using Hammett-type polar substituent con-
stants as well as excited state substituent constants, i.c.
Omb> Op, 0, 0, 0* and o”*. They were also correlated
by the dual-parameter equation (Eq. (1)) using polar
constants o* together with various spin delocalization
constants o, i.e. oy, ¢, and o-. The results of these
attempted correlations are summarized in Tables 3 and
4. The correlations of the AE values with the polar or
excited state substituent constants by the single-pa-
rameter equation (Eq. (2)) are poor or very poor
(r=0.848-0.286). The only “satisfactory” correlation
(by 0**) cannot be regarded as reliable because the
confidence level is only about 95% (n=4) [15]. In
contrast, however, application of the dual-parameter
equation (Eq. (1)) yielded excellent correlations for
some combinations of o” and o*. Particularly noteworthy
is the fact that the (o5, +0m) and (03,7 +0%) com-
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Table 3
Correlation analysis of AE values of Y-STs by Eq. (1) with o*+0’
and by Eq. (2) with ¢

I Il o C prlp R ] F* n

Tt 6.01 90.5 0.614 0.86 664 13
op 7.72 89.8 0.645 0.83 786 13
o’ 6.95 91.4 0.848 058 256 12
Tex 1.83 91.0 0.286 1.07 071 10
o* 1.50 91.9 0.396 1.12 074 6
ot 4.46 94.0 0.961 039 243 4

oy’ + Omp 354 —14.4 947 —-025 0982 022 1263 13
oy +op 383 —141 942 -—-027 0964 030 661 13
oy +ao” 3.06 ~-123 942 025 0983 022 1252 12

100, + o 269 —138 933 -—-019 0930 043 257 11
100, +0p 257 —13.6 931 -019 0.894 052 160 11
100, +a* 358 —119 935 -030 0962 033 434 11

T+ Oy 465 -18.2 943 026 0907 049 185 11
oc +op 586 —17.6 937 -033 0868 058 122 11
o +o” 463 —-143 939 —-032 0927 044 244 11

* Critical F values (data taken from Ref. [14]): Fo00:1(2,10)=14.91,
Foo01(2,9)=16.39,F, w1(2,8)=18.49,Fy5(1,11)=4.84, Fys(1 ,10)=4.96,
Fo5(1,8)=5.32, Fys(1,4)=7.71, Fys(1,2)=18.51.

Table 4
Correlation analysis of AE values of Y-MSTs by Eq. (1) with oX+ ¢’
and by Eq. (2) with o~

o I8 P C ol R ¢y F* n

Tmb 1.56 90.0 0.195 1.11 028 10
op 2.03 89.9 0203 1.11 030 10
o’ 3.89 89.8 0.557 0.93 3.60 10
Oex 0.90 90.0 0.168 1.14 017 8
o* -1.83 91.7 0.510 1.11 105 S
o 2.99 92.2 0.883 081 353 3
031’ + Oemp 282 —-13.0 927 -022 0968 030 514 10
oy’ +op 275 —124 925 -022 0937 042 252 10
oy o’ 268 —11.0 924 -~024 0971 028 584 10

100, + Oy 286 —10.7 91.8 -0.27 0.920 048 16.6 9

100, + op 3.07 —-103 91.6 -030 0.897 054 123 9
100, + o™ 294  —-9.00 91.6 —033 0939 042 224 9
0c + Opp 524 -17.1 9223 031 0956 0.36 31.8 9
ac’ +op 530 -150 91.7 -~-035 0.891 056 11.6 9
oc+a” 437 —125 919 -035 0957 036 326 9

* Critical values {(data taken from Ref. [14]): Fy0m(2,7)=21.69,
Fooo(2,6)=27.00, Fos(1,8)=532, F45(1,6)=5.99, Fy5(1,3)=10.13,
Fys(1,1)=161.4.

binations yield the best correlations, i.e. r=0.982 and
0.983 for Y-STs and r=0.968 and 0.971 for Y-MSTs.
These results confirm that the singlet excited state of
these molecules may be diradical in nature possessing
two half-occupied orbitals {5,6]. When one electron in
the higher half-occupied orbital returns to the lower
half-occupied orbital, the molecule emits fluorescence
[5]. Apparently, the frequency of this transition is directly
affected by both the spin delocalization effect and the
polar effect of the substituent. Therefore our results

(5%}

suggest that there may be no justification for the use
of excited state substituent constants (such as o,, o*
and ¢o*) for correlation analysis of properties related
to the excited states of this type of molecule. (We have
found that the Stern-Volmer constants of the reaction
of the excited states of Y-STs and Y-MSTs with the
quencher tetramethylethene can only be correlated by
Eq. (1) with o,;" and o, [16}.) Finally, it is of special
interest to note that, although the fluorescence
emission data of Nakatsuji et al. [17] on 9,10-
bis(phenylethynyl)anthracenes could not be correlated
by a single-parameter equation, successful correlation
by the dual-parameter equation with either the (03" + o3)
or (ayy +a,,) combination was achieved with r values
of greater than 0.99 (n=06).

Turro and Kraeutler [18] have remarked that, al-
though the existence of triplet diradicals can be observed
and examined in many cases, there seems to be no
direct proof for the existence of singlet diradicals. This
work appears to support the existence of excited state
singlet diradicals. Recently, a cogent piece of evidence
for the diradical nature of the singlet excited state has
been reported by Hasler et al. [6]. They observed a
perinaphthadivl singlet biradical intermediate on pi-
cosecond flash photolysis of either 2,7-dihydro-2,2,7,7-
tetramethylpyrene or 2,2,7,7-tetramethyldicyclopropa-
[a,g]-pyracene.
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