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ABSTRACT Five photoluminescent probes have been employed to investigate the behavior of a poly(ethy1ene 
oxide)-poly(propy1ene oxide) block copolymer in aqueous solution. The measured fluorescence probe parameters, 
a t  fied probe concentration, were found to be dependent on the concentration of copolymers and to demonstrate 
a "low"-, "medium"-, and "high"-concentration domain. In the high-concentration domain the parameters 
were found to be extremely sensitive to  temperature and pressure. The results are interpreted in terms of 
intramolecular and intermolecular micelle formation by the copolymer. 

Introduction 
Water-soluble block copolymers with both hydrophobic 

and hydrophilic blocks (poly01 surfactants) are expected 
to possess versatile properties characteristic of their am- 
phiphilic structures.' Studies of macroscopic properties 
of poly01 surfactants by bulk measurements (cloud point, 
surface tension, interfacial tension, foam height, etc.) have 
received extensive attention,2 and structure and aggrega- 
tion properties have been measured by light scattering and 
low-angle X-ray s~a t te r ing .~  Luminescence probes have 
provided a powerful method for the investigation of the 
structure and dynamics of micelles, polyelectrolytes, and 
other water-soluble macroaggregates4 but to date have 
rarely5 been employed to investigate polyols. Because of 
the potential similarity of aggregates formed by conven- 
tional micelles formed from detergent monomers and the 
aggregates formed by poly01 Surfactants, we have initiated 
photoluminescence probe investigations of water-soluble 
block copolymers of hydrophilic blocks of poly(ethy1ene 
oxide) and hydrophobic blocks of poly(propy1ene oxide)! 
The probes employed were pyrenecarboxaldehyde (Py- 
CHO), a reporter of environmental micropolarity via shifts 
in its fluorescence maximum? [ll-(3-hexyl-l-indolyl)un- 
decyl] trimethylammonium bromide (6-1n-11+), a reporter 
of environmental micropolarity via shifts in ita fluorescence 
maximum7b and also a reporter of environmental micro- 
viscosity via loss of its fluorescence polari~ation,'~ 1,3-di- 
(a-naphthy1)propane (DNP), a reporter of environmental 
micropolarity via measurements of the extent of intra- 
molecular excimer f~rmation'~, pyrene (Py), a reporter of 
aggregation numbers via ita excimer fluorescence decay? 
and 1,3-bis(N-carbazolyl)propane (BCP), a reporter of 
environmental changes via excimer emission.7f In typical 
experiments, the fluorescence measurements were made 
and studied as a function of polymer concentration and 
then as a function of temperature or pressure at  fixed 
polymer concentration. 

Experimental Section 
PEO-PPO (0.81, catalog no. 16275, MW = 3000, Polysciences, 

Inc.) was used without further purification.e PyCHO (Aldrich 

'Present address: Rohm and Haas Co., Research Laboratories, 
Spring House, PA 19477. 
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Co.) was recrystallized from ethanol. The polymer is assumed 
to be of the A-B-A type (PEO-PPO-PEO), but its purity has 
not been established. The syntheses of 6-In-ll+ and DNP were 
described in the literature? Pyrene (Aldrich Co.) was recrystallized 
from ethanol; BCP was prepared by a literature method." The 
emission spectra of PyCHO (excitation wavelength 380 nm), 
6-111-11' (excitation wavelength 300 nm), and DNP (excitation 
wavelength 290 nm) were taken with a Perkin-Elmer MPF-3L 
or SLM system 4800 S subnanosecond spectrofluorometer. The 
decay of ppene emission was taken with a single-photon-counting 
a p p a r a t u ~ . ~  The pressure cell has been described previously.10 

Pyrenecarboxaldehyde (PyCHO). The fluorescence emission 
maximum (Anp) of PyCHO has been shown to be very sensitive 
to its environment in homogeneous Under the as- 
sumption that the results from homogeneous solution can be 
applied to microheterogeneous systems, the fluorescence emission 
of PyCHO has been employed as a probe of micropolarity in 
micellar and other aggregates. The fluorescence maximum of 
PyCHO in aqueous solutions containing PEO-PP06 was inves- 
tigated as a function of PEO-PPO concentration. Figure 1 
summarizes the results of these studies. The solid curve shows 
a plot of hP for a fiied concentration of 5 X lob M PyCHO. The 
magnitude of hp can be classified as having values characteristic 
of three regions: (1) a region a t  low polymer concentration (less 
than 0.1 g/dL) for which the value of Amp is relatively constant 
and comparable to that of PyCHO in aqueous solution, (2) a region 
a t  higher concentrations (ca. 0.1-10 g/dL) for which the value 
of Lp of PyCHO undergoes a significant blue shift a~ the polymer 
concentration is increased, and (3) a region at  still higher polymer 
concentration (>lo g/dL) for which a further, sharper blue shift 
of Amp occurs as the polymer concentration is increased. 

[ 1 1- (3-Hexyl- 1-indolyl) undecylltrimet hylammonium 
Bromide (6-In-11'). The fluorescence maximum (&I) of 6-In-ll+ 
has been shown to be a monitor of microscopic polarityJb and 
the loss of fluorescence polarization of 6-111-11' has been shown 
to be a monitor of microscopic viscosity.7c The variation of A,' 
with PEO-PPO concentration was found to parallel the behavior 
of Amp as shown in Figure 1. The magnitude of the loss of 
fluorescence polarization of In-6-11+ was measured by conventional 
methods7c as a function of PEO-PPO concentration. The data 
were translated into microviscosity (ql, units of cP) and the results 
are summarized in Figure 1. As was found for Amp and Am1, the 
values for q1 fall into three regions, with remarkably good cor- 
respondence of the A, and 7' methods. 

1,3-Di(a-naphthyl)propane (DNP). The ratio of intramo- 
lecular excimer fluorescence emission to  monomer fluorescence 
emission (Ze/Zn) has been shown to be a monitor of microscopic 
viscosity7d in microheterogeneous media. The parameters Z8/Im 
can be translated into microviscosities, qN. The results of mea- 
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Table I 
Pressure and Temperature Effects on X, and Intensity of 

PyCHO Fluorescence in 20 g/dL PEO-PPO Aqueous 
Solution 

press, atm temp, “C A,, nm I(P)/I(atm) I (20 “C) 
I (T ) /  

1 20 458 1.0 
250 20 463 3.6 
500 20 465 5.2 

1000 20 467 6.7 
2000 20 470 7.9 

1 5 462 1.8 
1 10 461 1.6 
1 20 458 1.0 
1 25 452 0.22 
1 35 449 0.11 
1 45 446 0.091 
1 60 442 0.048 

surements of qN as a function of PEO-PPO concentration are 
shown in Figure 1 and are completely superimposable on the curve 
defined by the plot of q1 vs. PEO-PPO concentration. 

Pyrene (Py). The aggregation number of micelles and mi- 
croemulsions can be determined by analyzing the time decay of 
pyrene monomer emis~ion’~ in conditions where the [pyrene]/ 
[micelle] ratio is around 1. Applying this method to aqueous 
solutions of PEO-PPO, the aggregation number of the PEO-PPO 
“micelle” (at 20 g/dL PEO-PPO) was determined to be ca. 52. 

Pressure Effects. The influence of applied pressure on the 
value of AmP at 20 “C is summarized in Table I for 5 X M 
PyCHO at “high” concentrations of PEO-PPO (20 g/dL). In 
addition, the intensity (at constant OD) at the maximum of 
PyCHO fluorescence (1,q was measured as a function of pressure 
(Table I). Also the influence of applied pressure on the emission 
spectra of DNP and BCP at 20 g/dL aqueous PEO-PPO solutions 
was measured and is shown in Figures 2 and 3. 

Temperature Effects. The influence of temperature on the 
values of Imp was measured at 1 atm for 5 X M PyCHO at 
20 g/dL PEO-PPO, and the results are summarized in Table I. 
The emission spectra of BCP at 20 g/dL aqueous PEO-PPO 
solution were measured as a function of temperature (Figure 4). 

Discussion 
The results of five different measurements on four 

different probes are all consistent with the conclusion that 
transitions occur in the structure and/or state of aggre- 
gation of PEO-PPO and produce “the concentration 
regions” that occur in Figure 1. 

The micropolarity data, Amp and A,’ (see Figure l ) ,  
suggest that the probes M H O  and 6-In-ll+ reside mainly 
in the aqueous phase in region 1. In this region, the values 
of Amp and A,’ are those expected if the probe resides 
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Figure 2. Pressure effect on DNP emission in 20 g/dL PEO-PPO 
aqueous solution. 
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Figure 3. Pressure effect on BCP emission in 20 g/dL PEO-PPO 
aqueous solution. 
mainly in the aqueous phase or in a highly polar envi- 
ronment. Thus, the polymer structure is evidently unable 
to bind to or accommodate a hydrophobic probe in this 
region. In region 2, however, the steady blue shift of Amp 
indicates that the probe is being drawn into a hydrophobic 
environment. We suggest that this new environment is 
due to a change in the conformation of the solvated strands 
of single molecules of the block copolymer to form mo- 
nomolecular polymer micelles. The second transition 
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alized in terms of their different site locations in a poly- 
molecular micelle. Both PyCHO and ANS probes are 
expected to dissolve in the interfacial region of the poly- 
molecular micelle (in analogy to their locations in con- 
ventional micelles formed from surfactant monomers), 
while AN is expected to reside, on average, more in the 
hydrophobic core of the polymolecular micelle. 
As the temperature is increased, a greater mixing of the 

PEO chains into the hydrophobic core due to increased 
thermal agitation is expected, a conclusion consistent with 
low-angle X-ray scattering. Thus, the AS molecule, located 
in the hydrophobic micellar core, experiences a more hy- 
drophilic environment a t  higher temperatures, while Py- 
CHO or ANS, located in the hydrophilic micellar interface, 
experiences a more hydrophobic (less polar) environment 
a t  higher temperatures. 

Since the results of a decrease in temperature parallels 
that of an increase in pressure for the PyCHO system in 
PEO-PPO polymolecular micelles, we propose that an 
increase in pressure causes a reduction in the mixing of 
the hydrophobic and hydrophilic portions in the interfacial 
region of the micelle. 

The new emissions observed for BCP at high pressures 
or low temperatures appear to be due to intramolecular 
excimer formation. If so, the denser hydrophobic core 
created by the lowering of temperature or the increasing 
of pressure appears to cause more efficient overlap of the 
carbazole aromatic rings. 

I t  must be pointed out that until the purity of the co- 
polymer has been established, some of the effects might 
be related to the presence of impurities, e.g., A-B-type 
copolymers. Investigations of purified samples by fluor- 
escent probe methods are in progress. 

Conclusion 
The use of fluorescent probes has been found to reveal 

concentration-dependent structural changes in a block 
copolymer of ethylene oxide and propylene oxide. Evi- 
dence was found that a t  high concentration (ca. 10 g/100 
g of water) this copolymer undergoes exceptional pres- 
sure-dependent structural changes. The fluorescent probe 
method promises to be useful to investigate the structure 
of aggregates formed by water-soluble polymers. 
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Figure 4. Temperature effect on BCP emission in 20 g/dL 
PEO-PPO aqueous solution. 

(region 2 to region 3) is due to polymer aggregation to form 
polymolecular polymer micelle with aggregation number 
ca. 52 at  20 g/dL PEO-PPO aqueous solution. 

Behavior similar to that shown in Figure 1 was observed 
when a fluorescence probe and light scattering were em- 
ployed to investigate the behavior of a water-soluble ABA 
block copolymer of hydrophobic poly(2-hydroxyethyl 
methacrylate) and hydrophilic poly(ethy1ene oxide).6 The 
first transition (in our terminology region 1 to region 2) 
was assigned to formation of a hydrophobic domain of 
contracted polymer chains undergoing a conformational 
change and forming a monomolecular polymer micelle. 
The second transition (in our terminology region 2 to re- 
gion 3) was assigned to intermolecular aggregation of the 
polymer micelles. 

A significant temperature dependence was observed in 
the measured properties and was interpreted as resulting 
from contraction of monomolecular micelles which leads 
to densification of the hydrophobic core at low tempera- 
ture. However, in the region of polymolecular micelles, 
the more hydrophobic probe anilinonaphthalene (AN) 
experienced a more hydrophilic environment (X, red shift) 
with increasing temperature, while the more hydrophilic 
probe 8-anilinonaphthalene-1-sulfonate (ANS), experi- 
enced a less hydrophilic environment (X, blue shift) with 
increasing temperature. Data from low-angle X-ray 
scattering were consistent with a significant intermixing 
of the hydrophobic and hydrophilic phases as the tem- 
perature was increased. 

Our results concerning the temperature dependence of 
PyCHO emission in the aqueous solutions of PEO-PPO 
parallel those of the ANS probe discussed above; i.e., in 
region 3, PhCHO experiences a more hydrophobic envi- 
ronment a t  higher temperatures (Amp undergoes a blue 
shift in addition to an intensity decrease, Table I). The 
opposite temperature effects demonstrated by the more 
hydrophobic and more hydrophilic probes can be ration- 

(2) Chapter 1 i f  ref 1. 
(3) Tuzar, Z.; Kratochvil, P. Adu. Colloid Interface Sci. 1976, 6 ,  

201. 
(4) (a) Fendler, J. H.; Fendler, E. J. “Catalysis in Micellar and 

Macromolecular Systems”; Academic Press: New York, 1975. 
(b) Thomas, J. K. Chem. Reu. 1980,80,283. (c) Turro, N. J.; 
Gratzel, M.; Braun, A. M. Angew. Chem., Int. Ed. Engl. 1980, 
19,675. (d) Turro, N. J.; Okubo, T. J. Am. Chem. SOC. 1982, 
104, 2985. (e) Turro, N. J.; Okubo, T.; Chung, C.-J. J. Am. 
Chem. SOC. 1982,104,3954. 

(5) (a) Ikemi, M.; Odagiri, N.; Tanaka, S.; Shinohara, I.; Chiba, A. 
Macromolecules 1981,14,34. (b) Ikemi, M.; Odagiri, N.; Ta- 
naka, S.; Shinohara, I.; Chiba, A. Macromolecules 1982, 15, 
286. 

(6) Poly(ethy1ene oxide)-poly(propy1ene oxide) (0.8:l) block co- 
polymer, MW = 2917, was purchased from Polysciences, Inc. 

(7) (a) Kalyanasundaram, K.; Thomas, J. K. J. Phys. Chem. 1977, 
81,2176. (b) Turro, N. J.; Tanimoto, Y.; Gabor, G. Photochem. 



2126 Macromolecules 1984,17, 2126-2131 

Photobiol. 1980,31, 527. (c) Turro, N. J.; Tanimoto, Y. Pho- 
tochem. Photobiol. 1981,34,173. (d) Turro, N. J.; Aikawa, M.; 
Yekta, A. J. Am. Chem. SOC. 1979,101,772. (e) Atik, S.; Nam, 
M.; Singer, L. Chem. Phys. Lett. 1979,67,75. (0 De Schryver, 
F. C.; Vandendriessche, J.; Toppet, S.; Demeyer, K.; Boens, N. 
Macromolecules 1982, 15, 406. 

(8) (a) Schore, N. E.; Turro, N. J. J. Am. Chem. SOC. 1975, 97, 
2488. (b) Chandross, E. A.; Dempster, C. J. J.  Am. Chem. SOC. 
1970, 92, 3586. 

(9) Ware, W. R. In "Creation and Detection of the Excited State"; 
Marcel Dekker: New York, 1971; Vol. 1, Part A. 

(10) Turro, N. J.; Okubo, T. J .  Am. Chem. SOC. 1981, 103, 7224. 

Electrical Conductivity of Urethane-Substituted 
Poly(diacety1enes): Effect of Substituent Side Groups and 
Molecular Weights 

Kazunori Se,' Hiroshi Ohnuma, and Tadao Kotaka* 
Department of Macromolecular Science, Faculty of Science, Osaka University, Toyonaka, 
Osaka 560, Japan. Received October 27, 1983 

ABSTRACT Direct-current conductivity uk of CHC13--cast films of three urethane-substituted poly(diacety1enes) 
[poly(xACMU)] was studied as a function of dopant (iodine) concentration Y,  temperature T, and molecular 
weight. The polymers were poly[4,6-decadiyne-l,lO-diol bis( [(n-butoxycarbonyl)methyl]urethane)], poly- 
[4,6-decadiyne-l,lO-diol bis([(ethoxycarbonyl)methyllurethane)], and poly[3,5-octadiyne-1,8-diol bis( [ (n- 
butoxycarbonyl)methyl] urethane)], abbreviated as poly( BBCMU), poly( 3ECMU), and poly( BBCMU), re- 
spectively. In all cases, the doping increased the nd, of CHClS-cast films, which were poorly crystalline. The 
substituent side groups affected the conductivity very little. The log ad, vs. log Y curves showed a break at 
characteristic dopant concentrations Y,, which were roughly the same for the three poly(xACMUs). The log 
u& vs. log 1/T curve8 also showed a break at characteristic temperatures T,. There appeared to be two different 
conduction regimes above and below T,. Possible conduction mechanisms were discussed. The dependence 
of ndc on molecular weight was investigated for CHC13-cast films of seven poly(3BCMU) samples. The ndc 
at given Y was proportional to the number-average molecular weight M,,. The thermal activation energy E, 
of conduction in the region T > T, was independent of Y but proportional to  Mn-l, and the value at M, - 
Q) was approximately 0.44 eV. 

Introduction 
In recent years the electrical conduction of fully conju- 

gated linear polymers has been attracting attention as a 
model of low-dimensional  conductor^.^-^ One of such 
polymers is poly(diacety1enes) having a highly conjugated 
poly(enyne) backbone with an admixture of the butatriene 
structure.6y6 

The solid-state polymerization of diacetylenes (RC= 
C-CECR) with various substituent groups R has been 
studied and reviewed by many Since some 
poly(diacety1enes) were obtained as almost perfect single 
crystals without macroscopic defects, impurities, and 
dislocations, they have been used as model substances for 
investigation of the properties of conjugated polymers.6J0 
Usually, poly(diacety1enes) have very low dark conduc- 
tivities and photoconductivities.1'-'3 However, recent 
findings on the enhancement of electrical conductivity of 
polyacetylene by doping has stimulated studies of the 
conductivity of doped p~ly(diacetylenes).~J~J~ These 
findings also motivated us to carry out a series of studies 
on some poly(diacety1enes) soluble in organic solvents such 
as CHC1316 The soluble poly(diacety1enes) are appropriate 
for the studies of the relationship between molecular 
characteristics and electrical conductivity because they can 
be easily characterized by dilute solution techniques. The 
poly(diacety1enes) studied here have the substituent R = 
-(CH2),0CONHCH2COO(CH2),CH3 with x = 1-4 and y 
= 1 or 3. They are referred to as poly(xACMU), standing 
for the number of methylene groups, and [(alkoxy- 
carbony1)methyll urethane side chain. 

We have reported the synthesis, characterization, and 
mechanical and electrical properties of poly[4,6-decadi- 

yne- 1 ,lO-diol bis( [ (n-butoxycarbonyl)methyl] urethane)], 
abbreviated as poly(3BCMU), for which x = 3 and B = 
butoxy (y = 3).17J8 The results of our study of poly- 
(3BCMU)18 were as follows. (i) The glass transition tem- 
perature TB of CHCls-cast film is increased by doping with 
iodine. (ii) The electrical conductivity of the film is largely 
increased from to lod Q-' cm-l by doping with iodine. 
(iii) The conductivity may depend on the molecular weight 
and its distribution and/or the degree of crystallinity, 
although the films are poorly crystalline. (iv) The con- 
duction appears to occur mainly through an electronic 
mechanism; the iodine dopant interacts with and provides 
charge carriers along the conjugated main chains. 

Recently, we also examined CHC1,-cast films and single 
crystals of poly[5,7-dodecadiyne-l,l2-diol bis( [ (n-butoxy- 
carbonyl)methyl]urethane)], abbreviated as poly(4BCMU), 
for which x = 4 and y = 3.19 From a preliminary X-ray 
diffraction analysis on poly(4BCMU) single crystals, the 
following conclusions were deduced.lg The fiber period (c 
axis) and the subcell dimensions perpendicular to the c axis 
are c = 0.488 nm, a '  = 0.533 nm, and b' = 5.436 nm, re- 
spectively. The b'axis is almost parallel to the urethane 
group, and the a'axis is perpendicular to both of the main 
chain and urethane group directions and hence corre- 
sponds to the chain stacking direction. The electrical 
conductivity of CHCl,-cast films of this polymer was in- 
creased from to 10" i2-l cm-' by doping with 2 mol 
of I,- per 4BCMU unit in a manner similar to that of 
poly(3BCMU). However, a single-crystal specimen could 
be doped only to a level of 2 X mol, and the maximum 
attainable conductivities along the c axis, ull, and along the 
a'axis, crl, were 4.1 X i2-' cm-' , re- and 6.5 X 
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