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ABSTRACT: Polysarcosine having a terminal p-dimethylaminoanilide group and a terminal 3,5-dinitrobenzoyl 
group was synthesized. The number-average degree of polymerization Tt was varied from 6 to 25. In chloroform solu- 
tion this polymer showed a distinct absorption band around 455 nm, which was attributed mostly to intramolecular 
charge-transfer interactions. The extinction coefficient of the charge-transfer complex was determined for low mo- 
lecular weight model compounds. Using the same extinction coefficient, the fraction of polymers forming intrachain 
charge-transfer complex was evaluated a t  infinite dilution. The fraction was about 0.15 for Ti = 6 and decreased 
asymptotically with increasing E finally to 0.03 for it = 25. These values are almost 20-100 times as large as those esti- 
mated from the Monte Carlo calculation and on the basis of the intramolecularly catalyzed hydrolysis on polysar- 
cosine chain. This indicates that the cyclized conformations of polysarcosine chain are greatly stabilized by the for- 
mation of intrachain charge-transfer complex. The fraction of the cyclized polymer was decreased with increasing 
temperature for short chains. The thermodynamic parameters characterizing the conformational change required 
for cyclization in chloroform were obtained and compared with those for the same reaction in ethanol solution, as well 
as those for the intramolecularly catalyzed hydrolysis on polysarcosine chain in aqueous solution. 

Three-dimensional structure of protein is stabilized by 
intramolecular secondary valence forces, such as hydrogen 
bonds, electrostatic forces, hydrophobic forces, and charge- 
transfer interactions. The nature of these forces has been 
subjected to considerable investigations and their total effect 
on the protein structure has now been clarified to  some ex- 
tent.' However, the effect of the individual force on the protein 
structure seems still unclear, since these secondary valence 
forces are operating in a protein molecule concurrently and 
cooperatively. In view of this situation, i t  is hoped to  investi- 
gate the effect of the individual secondary valence force in 
much simpler macromolecular systems, such as X-Y-type 
polymers where X and Y are interacting groups. 

In this series of investigations the intrachain reactions and 
interactions have been studied on X-Y-type polymers.*J In 
the first paper the intrachain reaction on polysarcosine chain 
was studied," and the experimental results were compared 
with the Monte Carlo calculation of the ring-closure proba- 
bility of polysarcosine chain in the second paper.3 In the above 
case it was assumed that  the equilibrium conformations of 
polysarcosine chain were not greatly affected by the incor- 
poration of the terminal reactive groups. The assumption is 
reasonable, as far as no interactions exist between the pair of 
terminal groups. In the present study electron-donating and 
electron-accepting groups were attached to respective ends 
of the polysarcosine chain and the effects of an intrachain 

charge-transfer force upon the conformation of polymer chain 
were discussed. There are several reasons to  study the 
charge-transfer interaction as a secondary valence force in 
biop~lymers.~,-j (1) The formation of charge-transfer complex 
can be easily detected by the characteristic absorption band 
of the charge-transfer complex which occurs a t  a longer 
wavelength than the component species. (2) The amount of 
the complex is determined directly from the intensity of the 
charge-transfer band, provided that the extinction coefficient 
is given. (3) The measurement can be carried out under a va- 
riety of conditions of the polymer concentration, solvents, and 
temperature. 

Experimental Section 
Materials. The chemical structures of compounds used in this 

study are illustrated in Figure 1. 
Synthesis of N-Acetyl-N',N'-dimethyl-p-phenylenediamine 

(I). To an ice-cooled solution of acetic anhydride (5 g) in ether (30 ml) 
witha small amountof pyridine (1 g) was added the ethereal solution 
of freshly distilled N,N-dimethyl-p-phenylenediamine (3.5 g/20 ml). 
After 1 h the precipitated product was collected, washed with ether, 
and recrystallized repeatedly from benzene and ethylacetate giving 
colorless plates of I (2.7 g): mp 133-134 "C (1it.l 134-135 "C). Anal. 
Calcd: C, 67.4; H, 7.9; N, 15.7. Found: C, 67.7; H, 8.1; N, 15.8. 

Synthesis of N-(3,5-dinitrobenzoyl)sarcosine Dimethylamide 
(11). To an ice-cooled solution of sarcosine dimethylamide (1.2 g) in 
benzene (15 ml) was added the benzene solution of 3,5-dinitrobenzoyl 
chloride (2 g/55 ml) with a catalytic amount of pyridine. After 1 h the 
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Figure 1. Structures of compounds used in this study. 

precipitate was filtered off and the filtrate was evaporated. The re- 
sidual oil was crystallized after standing overnight (crude yield: 2.6 
9). Repeated recrystallizations from ethanol yielded a colorless 
product of 11: mp 134-135 "C. Anal. Calcd: C, 46.5; H, 4.6; N, 18.1. 
Found: C, 46.4; H, 4.4; N, 17.9. 

Synthesis of N-Chloroacetyl-N',N'-dimethyl-p-phenylene- 
diamine (III).6 A freshly distilled N,N-dimethyl-p-phenylenedi- 
amine (13.6 g) was dissolved in water (100 ml) containing sodium 
hydroxide (5 g). To the ice-cooled aqueous solution, chloroacetyl 
chloride (11.3 g) in ether (50 ml) was added dropwise under vigorous 
stirring. After standing at room temperature for about 20 min, the 
precipitated product was collected and washed repeatedly with water 
and ether. The crude product (16.7 g) was reprecipitated from ethanol 
repeatedly to colorless needles of 111: mp 144-145 "C (lit.14 140.0-140.5 
"C). Anal. Calcd: C, 56.5; H, 6.2; N, 13.2; C1, 16.7. Found: C, 56.3; H, 
6.3; N, 13.1; C1, 16.6. 

Synthesis of Sarcosine (p-Dimethy1amino)anilide (IV). Eth- 
anol solution (25 ml) Containing 30% methylamine was cooled by ice 
and I11 (3.4 g) in chloroform (70'ml) was slowly added. After standing 
for 4 days the solvents were evaporated and benzene (50 ml) was 
added to the residual oil. NaOH solution (2  N) (5 ml) was then added 
with shaking and the benzene layer was dried over anhydrous po- 
tassium carbonate. Evaporation of the benzene gave an oily product 
which was crystallized after standing overnight at room temperature. 
The crude crystal (3.0 g) was recrystallized repeatedly from ben- 
zene/petroleum ether giving colorless product of IV: mp 55.8-56.8 "C. 
Anal. Calcd: C, 63.7; H, 8.3; N, 20.3. Found: C, 63.5; H, 8.4; N, 19.7. 

Synthesis of N-(3,5-Dinitrobenzoyl)sarcosine (p-Dimethyl- 
amino)anilide(V). Compound IV (1 g) was dissolved in benzene (30 
ml) containing a small amount of pyridine. A solution of 3,5-dinitro- 
benzoyl chloride (1.2 g) in benzene (30 ml) was then added dropwise 
to the ice-cooled solution under stirring. After 2 h the mixture was 
shaken with dilute NaOH solution and the benzene layer was dried 
and evaporated to dryness. The crude crystal was dissolved in ethanol 
containing a small amount of hydrochloric acid and poured into 
aqueous sodium bicarbonate solution. The reprecipitation was re- 
peated giving a reddish crystal of V: mp 218.5-220 "C. 

Synthesis of Polysarcosine Having a Terminal p-Dimeth- 
ylaminoanilide Group and a Terminal 3,5-Dinitrobenzoyl Group 
(VI). Sarcosine N-carboxyanhydride (NCA) was polymerized in DMF 
solution with IV as initiator. After the polymerization was completed 
(overnight), a threefold excess of 3,5-dinitrobenzoyl chloride was 
added to the solution. After 1 day the polymer was precipitated in 
ether-acetone mixture and washed repeatedly with ethyl acetate and 
acetone. To make the terminal dimethylamino group free from hy- 
drogen chloride, the polymer was dissolved in methanol and passed 
through the anion-exchange column (Amberlite IR-45). The solution 
was then poured into ether and the precipitated polymer (VI) was 
collected, washed, and dried thoroughly under vacuum. No impurity 
was detected by the gel chromatography with the use of Sephadex 
LH-20 column in methanol solution. The number-average degree of 
polymerization Fi was calculated according to eq l.7 

(1) 

The calculated values were compared with the experimental values 
measured by vapor pressure osmometry. 

A polymer sample having a terminal p-dimethylaminoanilide group 
and a terminal acetyl group was also synthesized and treated with 

Ti = [NCA]/[IV] + 1 

Table I 
Characterization of Polymer Samples 

Fraction of polymer 
carrying terminal group 

Ea Calcd" Obsdb AcceptorC Donord 
n, x 10-2 

6 7.5 7.6 0.90 0.86 
11 11.6 11.1 0.92 0.89 
16 14.2 14.5 0.96 0.85 
21 17.6 17.9 0.93 
25 20.2 21.4 0.94 
32 25.6 25.6 0.87 

" Calculated value according to eq 1. Experimental value with 
vapor pressure osmometry. Measured by the absorption at  330 
nm. Measured by the NMR method. 

dinitrobenzoyl chloride by the same procedure as the1 synthesis of 
polymer VI. The absorption spectrum of this polymer was virtually 
equivalent to the spectrum of a polymer sample before treating with 
the acid chloride, indicating that p-dimethylaminoanilide group 
suffered no chemical modification during the dinitrobenzoylation. 

Purification of Solvents. DMF used as a polymerization solvent 
was distilled twice under reduced pressure from calcium hydride. 
Chloroform used for the optical measurements was shaken with 
concentrated HzS04, water, dilute NaOH, and finally water. After 
the chloroform was dried with anhydrous potassium carbonate, it was 
fractionally distilled immediately before use. 

Methods 
The number-average molecular weight of polymer samples 

was determined in ethanol solution with a Hitachi-117 vapor 
pressure osmometer using I1 as the reference substance. The  
molecular weight was calculated by averaging the values ob- 
tained in triplicate experiments at different polymer con- 
centrations. 

UV and visible spectra were measured by a Shimadzu 
UV-210 instrument with a thermostatted cell holder. Quartz 
cells with lo-, 50-, and 100-mm path lengths were used. 

Least-squares calculations of the association constant and 
the extinction coefficients for the charge-transfer complex 
were made according to the method of Wentworth e t  aL8 The 
program coded by us was computed a t  the Data Processing 
Center of Kyoto University. 

Results and Discussion 

Characterization of Polymer. The number-average 
molecular weight of the functionalized polysarcosine was 
measured by vapor pressure osmometry. The  results were 
compared with the values calculated from eq 1, assuming a 
quantitative incorporation of the 3,5-dinitrobenzoyl group to 
an  end. The observed and the calculated values are listed in 
Table I. The agreement between them is quite good. In  the 
following discussion the calculated value was used as the 
molecular weight of a polymer sample. The good applicability 
of eq 1 suggests that  the Poisson-type molecular weight dis- 
tribution was obtained for the polymer.7 This has been con- 
firmed for the polymer samples obtained with sarcosine di- 
methylamide as i n i t i a t ~ r . ~  The amount of 3,5-dinitrobenzoyl 
end group of the polymer was determined on the basis of the 
absorbance of the dinitrobenzoyl group at 330 nm in ethanol 
solution. The obstruction which arose from the absorption of 
the p -dimethylamino anilide end group was eliminated by 
adding a small amount of hydrochloric acid to  the solution. 
The  hydrochloride of the p-dimethylamino anilide group 
shows virtually no absorption at 330 nm. The  extinction 
coefficient of the dinitrobenzoyl end group was taken equal 
to  that of the model compound 11. The fraction of dinitro- 
benzoyl end group in a polymer as determined by the ratio of 
the observed value to the theoretical value of the absorbance 
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Figure 2. Absorption spectra of the mixture of model compounds I 
and I1 in chloroform solution: [I] = 0.17 M, [11] = 0.019 M, cell length 
= 10 mm. The temperature is indicated in the figure. 

2.5 2.0 
Wave Number x 10-4(cm-') 

Figure 3. Extinction coefficients for the charge-transfer complex 
between I and I1 in chloroform solution at 10 "C. The vertical bars 
represent the standard errors. 

Table I1 
Association Constant for the Charge-Transfer Complex 

between Compounds I and I1 in Chloroform Solution 

Temp, "C Kz, M-' t at 460 nm 

10.0 1.04 f 0.04" 353 f 14" 
20.0 0.96 f 0.06 347 f 15 
30.0 0.89 f 0.06 349 f 13 
45.0 0.80 f 0.08 344 f 13 

A H 2  = -1.40 kcal/mol, 4Sz = -4.87 eu 

fl Standard errors obtained in the nonlinear least-squares cal- 
culation. 

is listed in the last column of Table I. The incorporation of the 
dinitrobenzoyl group was highly efficient and nearly quanti- 
tative. In the following optical measurements, the feed con- 
centration multiplied by the fraction was taken as the true 
concentration of donor-acceptor pairs. 

A quantitative incorporation of p-dimethylaminoanilide 
group is expected from the polymerization mechanism of 
sarcosine NCA.7 This expectation was confirmed by the 
measurement of the amount of p-dimethylaminoanilide group 
by the NMR peak areas of phenyl protons in deuteriochloro- 
form solution, the peak area of main-chain methylene protons 
being used as a standard. Results are listed in Table I in the 
form of the ratio of observed value to the theoretical one. 
Taking into account relatively large experimental errors in- 
volved in the NMR method, the agreement between the ob- 
served and calculated values is satisfactory. 

Intermolecular Charge-Transfer Complex between 
Model Compounds. Absorption spectra of the mixture of 
compounds I and I1 in chloroform solution are shown in Figure 
2. A new band appeared around 455 nm where the component 
species showed virtually no absorption. Therefore, this is as- 
signable to the charge-transfer band. No change of the spec- 
trum was detected a t  least in 24 h. The determinations of the 
association constant Kz and the extinction coefficients ti a t  
each wavelength were made by the nonlinear least-squares 
methods using 72 experimental points obtained for six dif- 
ferent pairs of concentrations and a t  12 different wavelengths. 
The calculation was carried out a t  four different temperatures 
independently and Kz and ti's were varied a t  once in the it- 
erative procedure. The initial set of Kz and ti's was obtained 
from the Benesi-Hildebrand plot or the Scott plot.s The most 
probable values of Kz with the standard errors are listed in 
Table 11. The extinction coefficients are plotted as a function 
of wavenumber in Figure 3. The value of K2 and the wave- 
length of the absorption maximum (455 nm) are reasonable 

Figure 4. Temperature dependence of the association constant of the 
intermolecular charge-transfer complex between I and I1 in chloro- 
form solution. 

2 

c 
400 500 600 
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Figure 5. Absorption spectra of polymer sample VI with ii = 6 in 
chloroform solution: [VI] = 0.0047 M, cell length = 50 mm. The 
temperature is indicated in the figure. 

in view of the other reported values." The extinction coeffi- 
cient was virtually constant over the temperature range of 
10-45 "C. A similar result has been reported for the tetracy- 
anoethylene (TCNE)-hexamethylbenzene complex in di- 
chloroethane solution by Foster e t  a1.I0 

Plot of log K P  against 1/T is shown in Figure 4. From the 
slope and the intercept, thermodynamic parameters, AH2 and 
ASz,  were calculated and are also listed in Table 11. 

Intrachain Charge-Transfer Complex on the Poly- 
sarcosine Chain. The absorption spectrum of polymer VI 
with Fi = 6 is shown in Figure 5 .  The concentration of polymer 
is too low to exhibit a significant absorption due to the inter- 
molecular charge-transfer complex, bu t  nevertheless the 
spectrum shows an  absorption band with a considerable in- 
tensity around the charge-transfer band. Therefore the largest 
part of the absorption is undoubtedly attributed to the in- 
trachain charge-transfer complex. Since i t  is impossible to 
determine the association constant and the extinction coef- 
ficient independently for the intramolecular complex, the 
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Figure 6. Fraction of polymers forming the intrachain charge-transfer 
complex plotted against the degree of polymerization at three dif- 
ferent temperatures. 

Table I11 
Association Constant K1 of Intrachain Charge-Transfer 

Comolex on Polvsarcosine Chains in Chloroform Solution 

K1 X 10' M1, as,, 
?i 10°C 20°C 30°C 45°C kcal/mol eu 

6 19.5 16.7 14.7 -1.4 -8.3 
11 8.3 7.7 7.2 6.6 -1.2 -9.2 
16 4.2 4.1 4.0 3.9 -0.43 -7.8 
21 2.9 2.6 2.5 2.5 -0.26 -8.2 
25 2.8 

extinction coefficient for the intrachain complex was assumed 
to  be identical with that  for the intermolecular complex be- 
tween model compounds I and I1 (Table 11). This was ra- 
tionalized by the following considerations. 

If an electron-donating group and an electron-accepting 
group are connected with a polymer chain long enough to  as- 
sume a random orientation of the terminal groups, the geo- 
metrical structure of the intramolecular charge-transfer 
complex may be pract,ically identical with that  of the inter- 
molecular complex. In fact, the shape of the charge-transfer 
band of intrachain complex (Figure 5) is almost identical with 
that  of the intermolecular complex (Figure 2). A possibility 
of the charge transfer through the polymer chain must also 
be considered for short chains. However, preliminary results 
for sarcosine dimer and trimer ( m  = 2, 3) showed that  the 
intensity of charge-transfer band for these oligomers was 
considerably weaker than that  for the present polymer with 
n = 5." Since the charge-transfer through polymer chain 
should decrease with the chain length, the above result rules 
out the possibility. 

The limitation of the above assumption may be evident with 
compound V, i.e., a polymer sample VI with n = 1. This 
compound was insoluble in chloroform and the spectrum was 
measured in DMF solution. A new absorption band around 
530 nm was observed which may be attributed to  the intra- 
molecular complex with a highly specific orientation or to the 
charge-transfer band through a sarcosine unit. Accordingly 
it is obvious that  the extinction coefficient for the intermo- 
lecular complex cannot be applied to the intrachain complex 
for extremely short chains. At present, however, the possibility 
that the absorption band around 530 nm may be due to  an 
impurity cannot be ruled out completely. 

Estimation of the Frac t ion  of Polymers Forming the 
In t racha in  Charge-Transfer  Complex. Using the extinc- 
tion coefficient of the intermolecular complex, the fraction 
of polymers forming intrachain complex W was evaluated. 
The fraction is expressed as 

- 

W =  (2) 
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Figure 7. Comparison of the intrachain association constants esti- 
mated in four different ways: (- - -) unperturbed values evaluated in 
the Monte Carlo calculation;3 (0) unperturbed values obtained in the 
intramolecularly catalyzed hydrolysis in aqueous solution at 35 oC;2 
(m)  theoretical values calculated from eq 6 using the above experi- 
mental data; (A) the present experimental data at 30.0 "C. 

where A is the absorbance of a polymer sample a t  460 nm, c 
is the concentration of the donor-acceptor pair, and d is cell 
length. The ratio A/tcd was found to  increase slightly with 
increasing c from 1 x to 5 X M .  This indicates the 
presence of the intermolecular complex. To obtain W that  is 
free from the intermolecular complex, the ratio was extrapo- 
lated to  the infinite dilution. W values a t  three different 
temperatures are plotted as a function of degree of polymer- 
ization n in Figure 6. The fraction of intramolecularly com- 
plexed polymers increased with decreasing of the chain length. 
This result is consistent with the chain length dependence of 
the intramolecularly catalyzed hydrolysis on the polysarcosine 
chain.2 The fraction also increased with decreasing the tem- 
perature. However, the temperature dependence became 
small a t  longer chain lengths. I t  should be noted that  the 
fraction of intramolecularly complexed polymers is large and 
exceeds 10% a t  short chain lengths. 

The association constants for intrachain complex K1 were 
calculated according to eq 3 and are listed in Table 111. 

(3) 
W 

1 - W 
=- [complex] 

[total polymer] - [complex] 
K 1 =  

It should be interesting to compare the present K 1  values with 
the theoretical values evaluated in the Monte Carlo calcula- 
tion of the polysarcosine chain3 and with the experimental 
values of intramolecularly catalyzed hydrolysis in aqueous 
solution.2 The comparison is made in Figure 7. In the latter 
two cases polymers with the end-to-end distance shorter than 
4 A were regarded as being cyclized. The Monte Carlo calcu- 
lation was performed without taking intrachain forces be- 
tween a pair of terminal groups into account. The Monte Carlo 
values agreed roughly with the experimental data of intra- 
molecularly catalyzed hydrolysis for longer chain length. 
However, the intrachain charge-transfer complexation gave 
larger K 1  values than the other two cases by an approximate 
factor of 20-100. This indicates that in the present system the 
fraction of cyclized polymers was greatly increased by the 
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Figure 8. Temperature dependence of the association constants of 
the intrachain charge-transfer complex. The numbers in the figure 
indicate the chain lengths. 
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stabilization due to  the charge-transfer force between a pair 
of end groups. 

Quantitative Discussion on the Stabilization of Cy- 
clized Conformations. In this section an evaluation of the 
extent of the stabilization of cyclized conformations was at-  
tempted on the basis of a thermodynamic consideration. To  
begin with, the free energy of the electronic stabiliiation in 
the charge-transfer complex AG, was estimated from the 
thermodynamic parameters of model compounds (Table 11). 
They are composed of two terms: a term concerning a bi- 
molecular encounter ( A H b  and A s h )  and an electronic term 
(W, and AS,). 

AH1 = A t f h  + AHe, AS’ = A S b  + A S e  (4) 

Here it was assumed that there is no interaction between a 
donor group and an acceptor group which are separated by 
more than 4 %, and the donor-acceptor pair is electronically 
stabilized only if the two groups came within 4 A. From this 
assumption i t  follows tha t  the enthalpy for the bimolecular 
encounter AIfl, is zero and the entropy A s h  is expressed as2 

where N ,  is Avogadro’s number and ro = 4 A. Using the values 
of and ASL in Table I1 and eq 4 and 5, the thermodynamic 
parameters for the electronic changes AH,, AS,, and AGe were 
evaluated as AHe = -1.40 kcal/mol, AS,  = -1.3 eu, and AGe 
= -1.01 kcal/mol. 

If it is considered that the same free energy of stabilization 
is applied to the intrachain complex, the association constant 
for the intrachain complex K1 should be related to the asso- 
ciation constant K1” for the cyclization of a polymer chain 
which is free from intrachain interactions, according to eq 
6 .  

K I  = KI0exp(-AG,/RT) (6) 
The  exponential factor in eq 6 represents the electronic sta- 
bilization by forming the intrachain charge-transfer complex. 
The “unperturbed” association constant K I 0  = Wo/( 1 - W,>) 
was estimated from the experimental value of intramolecu- 
larly catalyzed hydrolysis on the polysarcosine chain.‘ The  
calculated values of K1 are shown in Figure 7. Although the 
effect of intrachain stabilization energy is obvious, the cal- 
culated values are still smaller than the observed values. A t  
the present time we cannot afford any definite explanations 
for the difference. 

Thermodynamic Parameters for the Intrachain 
Charge-Trawfer Complex. The association constant for 

I I I 
10 20 

Figure 9. Thermodynamic parameters required for the conforma- 
tional change for the cyclization, plotted against the degree of poly- 
merization. 

intrachain complex K is plotted against l /T in Figure 8. From 
the slope and the intercept, thermodynamic parameters AH1 
and AS1 were calculated and are listed in the last column of 
Table 111. The thermodynamic parameters are divided into 
two terms as 

AH1 = W, + AH,. AS1 = ASc + A S e  ( 7 )  

where AH, and AS,  are the terms associated with the con- 
formational change for cyclization. The electronic terms, AH, 
and AS,, have been estimated in the preceding section. Using 
those values AHc and - TAS,  (T  = 298 K) were calculated and 
are plotted in Figure 9 as a function of the degree of poly- 
merization. Although the points are somewhat scattered, it 
is clear that the enthalpy for the cyclization increases with 
increasing the chain length, while the entropy remains nearly 
constant. Although the same trend has been found in the in- 
tramolecularly catalyzed hydrolysis on the polysarcosine 
chain,’ it is in contradiction to our expectation. In the Monte 
Carlo calculation ignoring the contribution of conformational 
energy. the fraction of cyclized conformation decreased with 
increasing chain length except for very short chains.j This 
indicates that  the entropy for the cyclization decreases with 
chain length while enthalpy remains constant. However, these 
results were not in accordance with the present experimental 
results. I t  appears that the difference in the solvation of the 
polymer chain plays an important role in determining the 
thermodynamic parameters. Some experimental results 
supporting this view have been obtained in a similar experi- 
ment in ethanol solution that ASL decreased with chain length 
and AHc remained nearly constant. A more detailed discussion 
on this suhject will be made in the next paper.” 

To conclude, the intrachain charge-transfer force was found 
to make an important contribution to the conformation of the 
polysarcosine chain. In a more generalized expression, it was 
demonstrated that a relatively weak intrachain force, such as 
a charge-transfer force, played an important role in the de- 
termination of a polymer conformation in solution. 
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ABSTRACT: Energy transfer in the singlet state was studied in solution at 25 “C for poly(P-I-naphthylmethyl L- 
aspartate) and copolymers of 0-1-naphthylmethyl I>-aspartate and y-benzyl L-glutamate. Transfer efficiencies, mi- 
gration coefficients, migration lengths, and interaction radii were determined from the quenching studies using bi- 
acetyl as a quencher. The migration coefficient increases with increasing naphthyl groups in the copolymers. This 
means that singlet energy migrates among more naphthyl groups with increasing naphthyl groups in the polymer 
chain. Interaction radius for the fluorescence quenching by biacetyl was estimated to be in the range of 5.8 to 8.9 8, 
irrespective of whether energy donor is monomer or excimer. Moreover, it was shown that energy migration via ex- 
cimer does not take place and energy of the excimer is localized. 

Intramolecular energy transfer along the polymer chain 
has become a phenomenon of increasing interest and intensive 

Functional groups situated a t  regular intervals along 
the backbone of a polymer may be compared in principle to 
a one-dimensional crystal and there is a possibility of energy 
migration from group to  group along the polymer chain. In- 
termolecular energy transfer may also be affected by intra- 
molecular energy transfer, since intuitively the migration of 
energy along the polymer chain increases the effective volume 
of the excited region or quenching sphere. Almost all the 
polymers used for such investigations are vinyl polymers. 
Polypeptides are well known to take some different confor- 
mations such as a-helix, @-structure and random-coil. Side 
chains of a helical polypeptide may be arranged along the 
rodlike helical main chain forming outer helix. Therefore, one 
can compare it to a better one-dimensional crystal than vinyl 
polymers because of its ordered structure and the absence of 
folding. One can further obtain some different arrangements 
of the side-chain chromophores corresponding to the differ- 
ence in its secondary structure. We have been interested in 
studying how intra- and intermolecular energy transfer would 
be affected by conformational change of the polypeptides.z1,22 
From this point of view, some polypeptides containing 
naphthyl groups in their side chain were In the 
previous paper,26 we showed evidence for singlet energy mi- 
gration for poly(?-l-naphthylmethyl L- and DL-glutamates) 
(PNLG and PNDLG) and copolymers of y-1-naphthylmethyl 
L-glutamate and y-benzyl L-glutamate. 

We report here the results of quenching studies for poly(@- 
1-naphthylmethyl L-aspartate) (PNLA) and copolymers of 
@-1-naphthylmethyl L-aspartate and y-benzyl L-glutamate. 
Their conformations have already been studied2* and right- 
handed helices were assumed for all polymers except for pure 
PNLA only which may take a left-handed helix. 

-(NHCHCOk 
I 

PNLA 

Experimental  Section 

Syntheses of the polymers were described previ~usly.~~ The degrees 
of polymerization of the samples were determined to be in the range 
of 30 to 65 by amino end-group titration. Dichloroethane (DCE) was 
“Dotite Spectrosol” grade. Hexafluoroisopropyl alcohol (HFIP) was 
Tokyo Kasei reagent grade. Naphthalene was Tokyo Kasei zone- 
refined grade. Biacetyl was freshly distilled before use. Solvents for 
fluorescence measurements are DCE and a mixed solvent of DCE and 
HFIP (1:l by volume). PNLA is insolule in DCE but soluble in the 
mixed solvent. Therefore the mixed solvent had to be used for the 
polymer. 

Fluorescence spectra at 290-nm excitation were measured at 25 “C 
with a Hitachi MPF-4 fluorescence spectrophotometer. The excitation 
was normal to the front surface of the cubical cell, and the fluorescence 
was observed through the side face at 90” to the incident light. The 
naphthyl molar concentration was 5 X lo-“ M for the quenching 
measurements. The intensities of monomer and excimer fluorescence 
were measured respectively at 332-333 nm (peak) and 400 nm. In the 
quenching experiments corrections were made for absorption of the 
exciting light by biacetyl. The lifetime measurements were conducted 
with the time-resolved attachment using the solutions lo-:$ M in 
naphthyl groups. Pulsed light of the D2 discharge lamp was triggered 
by the control unit. The half-value width of the sampling gate was a 
second or a third of the measuring lifetime. The decay curves at 320 
and 400 nm were recorded on a chart-recorder. Because of the limi- 
tation of the apparatus for measurement of shorter lifetime, the 
lifetimes in the mixed solvent were estimated from intensity at 332 
nm based on the lifetime of the copolymer containing 11% naphthyl 


