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ReferenceTABLE 4: Hammett e and Br^nsted p Values for the Reaction of Dan­
syl Chloride with Anitines at 30.0°C

Correlation coefficients: r>).998.

卩N S

MeOH -2.22 0.80

EtOH -2.36 0.85

1-PrOH -1.65 0.60

2-PrOH -1.36 0.49

1-BuOH -1.11 0.40

MeCN -1.98 0.72

(1)

(2)

considerably smaller than those for the reactions of 1- and 
2-naphthalenesulfonyl chloride with anilines in acetone. 
(伽=-4.2 and -4.6, 0= 1.6 and 1.8 respectively). Substitu­
tion of a dimethylamino group at the carbon 5 seems to reduce 
positive charge on the sulfur atom so that the degree of bond 
formation is decreased substantially compared with that for 
naphthalenesulfonyl chloHdes* The size of both I 세 and p in 
various solvents decrease in the order EtOH>MeOH>MeCN> 
1 -PrOH>2-PrOH>l -BuOH. It is nothworthy that the "시 and 
/? values in MeCN are smaller than those in EtOH and MeOH 
while they are greater than those in other alcohols. Reference 
to Table 3 reveals that MeCN has the greatest vahie도 of £ and 
n* but the smallest values of a among the solvent studied; polari­
ty of solvent is not a sole factor in determining the TS, but HBD 
acidity (a) also contribute to the TS formation. This is clear 
from the relative importance of the two solvatochromic par­
ameters, a and n*» shown in Ta비e 3.

According to the reactivity-selectivity principle (RSP)8, the 
greater the rate the less is the selectivity. Inspection of Tables 
1 and 4 reveals that the RSP is not adhered in the present work, 
since a solvent of greater reactivity has also a greater selectivi­
ty (fl and |PnD-

We conclude that the reaction of dansyl chloride with anilines 
proceeds via an associative Sn2 mechanism, having somewhat 
similar TS structure with that of the benzenesulfonyl chloride 
reaction.
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Fluorescence of Styrene and Acrylic Acid Copolymers Containing Eu3+ in Tetrahydrofuran Solution
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The fluorescence emission of polystyrene-acrylic acid copolymers containing Eu3+ in tetrahydrofuran solution was investigated 
by spectroHuorimetry, The excimer emission increased linearly with the polymer concentration up to approximately 5 x 1(尸1네. 

Benzene and toluene collisionally quenched the excimer Huorescence and thier rate constants of quenching were determined. 
Quenching efficiencies decreased in the order: naphthalene>toluene>benzene. Aryses of Rayleigh scattering and europium 
emission showed no measurable structural changes observed under the experimental conditions.
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Introduction

The fluorescence of the synthetic polymers with pendant 
aromatic groups is characterized by excimer emission. Excimer1 
results from the interaction of a group in an electronically ex­
cited state with a ground state of the same chromophore. Ex­
cimers have a lifetime in the range of 10-100nsec and their 
fluorescence is manifested in the appearance of broad struc­
tureless, Gaussian band at lower energy than that of an isolated 
aromatic ring. It has been demonstrated that excimer forma­
tion in dilute solutions is mainly caused by the intramolecular 
association between chromophores of nearest neighbor on the 
same polymer chain2.

Recently the properties and structures of synthetic plymers 
containing metal ions have been extensively investigated3. An 
important class of metal ions are rare earths. Interestes in lan­
thanides have been stimulated by their fluorescence and laser 
properties4. The results from studies on such as energy transfer 
and fluorescence intensity versus metal ion contents support a 
proposed model of ion-containing polymers consisting of 
clusters or aggregates of ionic groups dispersed throughout the 
system4.

Among a host of techniques including X-ray scattering, elec­
tron microscopy, and Raman spectroscopy, fluorescence measu­
rements offer particular advantage since they are very sensitive. 
Fluorescent techniques have proved to be powerful methods for 
obtaining detailed information on the molecular structure of 
biopolymers and synthetic polymers3,5,6. The aim of the pre­
sent work is to extend previous investigations and to obtain a 
more intimate knowledge of the excimer in the presence of a 
small amount of aromatic solvents and to seek any analytical 
applications of spectrofluorimetry to synthetic polymers.

Experimental

Styrene-Acrylic Acid Copolymer (PSA A) A mixtue of styrene 
(Kanto), acrylic acid (Fisher), and azobisisobutyronitrile (Wako) 
initiator at a mole ratio of 90:10:0.1 was weighed and placed 
in a polymerization tube.' The copolymer was prepared as decrib- 
ed in the literature341. The purification of the copolymer obtain­
ed was repeated four times. Elemental analysis showed that they 
yield was 60% and the mole % of styrerne and acrylic acid were 
87% and 13%, respectively.

PSAA-Eu Complex. Eu2O3 (Merck) was dissolved in concen­
trated HNO3 and the solution was heated to 150°C7. Dissolu­
tion and evaporation cycle was repeated four times to ensure 
complete conversion to europium nitrate. A solution of weigh­
ed Eu(NO3)3 in ethanol and methyl ethyl ketone (1:1) was 
prepared and added to a PSAA solution in methyl ethyl ketone. 
The complex was synthesized and purified as described3d. The 
complex was ashed in an electric furnace at 55O°C and dissolv­
ed in HNO3 to analyze europium contents by spectrofluorimetry 
using the standard addition method.

Instruments. A Hitachi model 650-60 spectrofluorimeter was 
used to measure fluorescence spectra of PSAA and PSAA-Eu. 
The measurements were carried out in tetrahydro furan (THF) 
at room temperature. HPLC grade of benzene (Merck) and 
toluene (Matheson and Coleman), and naphthalene (Kanto) 

were used as excimer quenchers. Absorption spectra were 
recorded on a Cary 17D spectrophotometer whose spectral 
response was calibrated with KM„O4 solutions. The coordina­
tion structure of PSAA-Eu complex was identified by IR spec­
tra using a Perkin-Elmer model IR 710B. DSC measurements 
were carried out using a Du Pont 910 analyzer.

Results and Discussion

The polymers, PSAA and PSAA-Eu, have an absorption 
maximum at 260nmin either dichloromethane or THF. The ab­
sorption spectrum of PSAA-Eu complex was almost identical 
to that of PSAA except Eu absorption near 394nm. The IR spec­
trum of PSAA has the characteristic carbonyl absorption at 
around 1700cm-1. On formation of PSAA-Eu complex a new 
peak appeared at 1550cm'1 corresponding to carboxylate ion 
absorption while carbonyl absorption decreased, which implied 
some protons on carboxylic acid groups in PSAA exchanged 
with Eu저 ion. DSC measurements showed both PSAA and 
PSAA Eu to have a glass transition temperature near 120°C and 
to be stable up to 300°C.

Figure 1 displays typical fluorescence emission spectra of 
PSAA-Eu complex excited at 260nm as a function of the com­
plex concentration in THF. The bands at 260nm correspond 
to the Rayleigh scattering, whereas broad bands occurring at 
328nm arise from excimer fluorescence. In addition, each spec­
trum consists of two shoulders at around 283 and 294 nm due 
to Raman scattering and monomer fluorescence, respectively. 
Raman scatter is emitted from THF. At high styrene contents 
in the polymer the intensity of monomer was considerably 
weaker than that of excimer.. Because the monomer fluorescence 
intensity was difficult to extract from the spectrum of the com­
plex, the ratio of excimer to monomer fluorescence intensity 
was not utilized to identify the mechanism of the excimer for­
mation and to elucidate the local mobility of the p이ymer 
segments8. The increase in the PSAA-Eu concentration as 
styrene repeat-unit results in the enhancement both of excimer 
fluorescence and Rayleigh scattering, but no spectral shift oberv-

80

40

20 

0
250 300 350 400

WAVELENGTH, nm

Figure 1. Fluorescence emission spectra of PSAA-Eu complex ex­

cited at 260nm in THF versus the complex concentration.
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ed. The enhancement of excimer emission without spectral shift 
may be due to (a) the increase of viscosity of the solution, (b) 
the change of the refractive index, and (c) the increase of ex­
cimer formation. However, two of them are considered being 
negligible compared to the last one9. The relationship between 
excimer intensity and complex concentration is plotted in Figure 
2. The excimer intensity increases linearly with increasing the 
polymer concentration up to approximately 5, x 10~3M, within 
which analytical application seems to be possible. Deviation 
from linearity is typical of concentration quenching of fluoresc­
ence30. In order to exclude intermolecular effects, measurements 
were performed on dilute solutions of the PSAA-Eu complex 
hereafter.
Effects of Benzene and Toluene on Excimer. When a small 

amount of benzene or toluene was added to the solution of the 
PSAA-Eu complex in THF, the excimer intensity at 328nm was 
reduced. Figure 3 shows a typical variation in the fluorescence 
emission spectra depending on benzene concentration. The 
decrease in excimer intensity is remarkable. We notice that the 
monomer intensity at around 294nm seems to exhibit a very 
weak increase at lower benzene concentrations and buried under
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Figure 2. Fluorescence intensity of excimer of PSAA-Eu com이ex at 

328nm as a function of the complex concentration.
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■igure 3. Fluorescence emission spectra fo PSAA-E니 complex in T너F 

depending on benzene concentration. Aex = 260nm.

the stronger emission of benzene itself at higher concentrations. 
The variation of the monomer intensity is feeble in the light 
of the decrease in intensity of the excimer. It was difficult to 
draw any significant conclusion from these considerations, but 
the decrease of the excimer intensity did not seem to result in 
increase of the monomer intensity. The complete understanding 
of the variation of monomer intensity will require a detailed 
study by using non-overlapping solvents other than benzene or 
toluene.

The addition of toluene exhibited similar effects. At low con­
centrations studied here, benzene and toluene molecules do not 
compete in absorption of energy with the aromatic groups in 
the polymer to reduce the excimer intensity as can be expected 
from Figure 2. Thus the reduction of the excimer intensity in 
the presence of benzene and toluene has indication of a quen­
ching process occurring in the solution.

Stern- Volmer Plot. If benzene and tolune behave like quen­
chers, the excimer intensities in the absence (Fo) and presence 
(F) of quencher satisfy Fo/F= l + kq 기 where kq is the rate 
constant of excimer quenching, r0 the lifetime of excimer in 
the absence of quencher, and the concentration of quencher. 
A linear plot of Fo/F versus [Q] was obtained as illustrated 
in Figure 4, which indicates a single class of excimers all 
equally accessible to quenchers. The excimer lifetime, 15nsec 
for polystyrene-methylmethacrylate10 and polystyrene-0.01% 
2-phenyl-(5-vinyl) phenyloxalate11 was adopted for that of 
PSAA-Eu complex to calculate kq as a first approximation 
because the decay mechanism of excimer seems to be insensitive 
to the polymer composition when styrene is a predominant com­
onomer. The value of kq was determined from Figure 4 as 
8.Ox 109 and 1.7 x for benzene and toluene, respec­
tively. An increase in temperature from 21 to 36°C resulted in 
approximately 15% increase in FJF, which provides a sup­
plementary evidence for the diffusive nature of the quenching.

It is informative to calculate the value expected for a 
diffusion-controlled reaction. The viscosity of THF at 25°C 
is 0.46cP12. In the presence of4x 10-3M PSAA-Eu complex the 
of roughly 3A for benzene, one can calculate from D = kT/6n 
TR that the diffusion coefficient is 1.6x 105cm2/sec. Assume 

radius of the excimer1 of about 3.5A and the diffusion of the 
fluorophore negligible compared to the quencher. Substitution 
of these values into the Smoluchowski equation13, k - ^nRDN/ 
1000 where R is generally assumed to be sum of the molecular 
radii of fluorophore and quencher, D is sum of the diffusion

Figure 4. Quenching of the excimer fluorescence by benzene and 

toluene.
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Figure 5. Absorbance and intensity of Rayleigh scattering of PSAA—E니 

complex at 260nm versus the complex concentration.
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coefficients of fluorophore and quencher, and N is Avogadro^ 
number, yields =7x The magnitudes of丿匕with
benzene and toluene seem to be in the range of diffusion- 
controlled quenching since inclusion of the rapid segmental mo­
tion of the polymer would increase k assuming viscosity varia­
tion as the change in quencher concentrations is small.

Effect of Naphthalene. Data for naphthalene quenching of 
the excimer were not quantitatively evaluated because of severe 
overlap of the naphthalene emission with the excimer. However, 
a careful inspection of the fluorescence spectra revealed that 
with 5 x 10~4M naphthalene, the excimer emission of 4x 10-3Af 
PSAA-Eu was completely disappeared whereas the monomer 
emission remained fairly constant.

From these studies, the quencliing efficiencies of the excimer 
were found to decrease in the following order: naphthalene> 
toluene>benzene. Presumably a bulkier quencher appears to 
be more efficient.

Europium Emission. The emission spectrum of PSAA-Eu 
complex in THF under excitation at 394nm showed peaks at 
617,595 and 700nm corresponding transitions from 5D2 to 7F2, 
IFi, and 7F4 levels, respectively3이气 Among them the emission 
at 617nm is most intense. The fluorescence intensity increased 
linearly with increasing Eu contents in the complex up to about 
10 wt For film or powder samples of PSAA-Eu, however, 
the intensity reaches a miximum at 4-6 wt % due to formation 
of ionic aggregates where metal ions are close together30. Con­
trary to solid samples, europium ion in the complex are ap­
parently not so close to exhibit concentration quenching in 
solutions even up to 10 wt % of Eu.

Rayleigh Scattering. In dilute polymer solutions, the ratio of 
scattered to incident intensity has an approximate linear 
dependence on the polymer concentration15. When the molecular 
size of the polymer varies as concentration changes, the ratio 
is reduced by a factor of where * is a constant and Rs 
is roughly the diameter of the polymer molecule15.

Figure 5 shows the intensity of Rayleigh scattering of PSAA- 
Eu complex in THF at 260nm versus the complex concentra­
tion. Beyond 1.3x 10~3Mit deviates from linearity and decreases 
sharply at higher concentrations. One may suppose the decrease 
results from the changes of size and shape in the polymer. This
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Figure 6. Fluorescence intensities of benzene (solid lines) and toluene 

(broken lines) in the absence (dark circles) and presence (open circles) 

of PSAA-Eu complex at their emission maxima versus the concentra­

tions of benzene and t이니ene’

assumption turned out invalid by a simple aii이ysis of the 
Rayleigh scattering in terms of absorption. Since the part of 
incident light absorbed by the complex does not contribute to 
scattering, the measured scattering intensity should be divided 
by a factor, e~A where A is the absorbance of the complex at 
260nm. As illustrated in Figure 6 the corrected Rayleigh scat­
tering increases linearly, which implies that no structural change 
is measurable under the experimental conditions.

Fluorescence of Quencher. Figure 6 shows the fluorescence 
intensities of benzene and toluene with and without PSAA-Eu 
complex in THF at their emission maxima, 288 and 285nm, 
respectively, depending on the respective concentration. The 
figure demonstrates the polymer quenches the fluorescence 
emission of benzene and toluene as evidenced by equal 
downward displacement of the curves for the solutions contain­
ing the complex. At a given concentration of the complex the 
ratio of intensity without the complex to that with the complex 
should remain a constant greater than 1 for all benzene con­
centrations. The displacement is larger in the case of toluene, 
again indicating toluene has a bigger rate constant of quenching 
than benzene.
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Comparison of ab initio Effective Valence Shell Hamiltonian with Semiempirical Theories of Valence: 
Pairing Theorem
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The pairing properties of electronic structure are investigated from ab initioists* point of view. Numerical results of exact ab 
initio effective valence shell Hamiltonian are compared with simple semiempirical Hamiltonian calculations. In the oxygen atom 
case it was found that effective three-electron interaction terms break the similarity between electron-states and hole-states. 
With the /rozii'-butadiene as an example the pairing theorem was studied. Even for alternant hydrocarbons, the deviation from 
the pairing was found to be enormous. The pairing theorem, which is usually stated for semiempirical Hamiltonians, is not 
valid when the exact effective Hamiltonian is considered. The present study indicates that comparisons between the pairing theorem 
of semiempirical methods and ab initio effective Hamiltonian give important information on the accuracy of semiempirical methods.

Introduction

In atomic spectra elements carbon and oxygen show a similar 
pattern, which is probably due to the nominally same electronic 
structure of the two elements. It is understood with the idea 
of electrons and holes in the similar 2p shell.1 Carbon has 
two electrons in the 2p shell, while oxygen has two holes. The 
positive and negative ions of an alternant hydrocarbon also ex­
hibit a very similar spectroscopic pattern? This remarkable 
phenomenon is often explained using the so called pairing 
theorem in molecular orbital theory. But the pairing of two spec­
tra does not hold exactly, as McLachlan3 and Koutecky4 show­
ed that the pairing is valid only under certain approximations.

Any molecules or atoms have a finite number of electrons, 
but infinite number of single-electron orbitals are required to 
exactly describle the electronic structure of the systems. 
Therefore a number of electrons of a system can not be same 
as holes of any other systems. The concept of the equalness be­
tween a number of electrons and that of holes is valid only when 
a finite number of orbitals are considered. Usually valence or­
bitals are chosen for that purpose. For alternant hydrocarbons 
n orbitals are often considered as valence orbitals. So it is im­
portant to note that the pairing theorem holds only for an ap­
proximate Hamiltonian which spans on a finite valence space.

The well-known examples satisfying the pairing theorem are 

one-electron Hiickel Hamiltonian5 and Pariser-Parr-Pople 
(PPP) Hamiltonian6-8 with zero differential overlap approxima­
tion. It indicates that the pairing properties of electronic struc­
ture are often stated in simple semiempirical theories. The 
pairing has not drawn any attentions from ab initioists who are 
always worried about extensive virtual orbitals.

Recently an ab initio effective valence shell Hamiltonian for­
malism which formally mimicks semiempirical Hamiltonians 
has been developed.9-11 The full Hamiltonian is transformed 
to an effective one which spans on small valence space only, 
yet the transformation is performed exactly. The effective 
valence shell Hamiltonian is ab initio Hamitonian which con­
veniently generates useful effective integral values amongst 
valence orbitals. Therefore it is now possible to examine the 
validity of the pairing theorem of semiempirical Hamiltonians. 
The purpose of the present work is to understand when the pair­
ing theorem is valid and furthermore to assess the accuracy of 
approximate semiempirical methods.

Extensive calculations of the effective valence shell Hamilto­
nian on various atoms1213 and Zro/i5-butadiene14 have appeared 
in literature. Therefore in the present work we choose oxygen 
atom and Zra«5-butadiene as our prototype system. The valence 
state of oxygen atom and its doubly positive ion,。저*, 교re for­
mally studied as an electron-hole model case. The pairing pro-


