764 Macromolecules 1990, 23, 764-769

a century ago: Green, A. G.; Woodhead, A. E. J. Chem. Soc.,
Trans. 1910, 97, 2388.

(9) Wei, Y.; Focke, W. W.; Wnek, G E.; Ray, A.; MacDiarmid, A.
G. J. Phys. Chem. 1989, 93, 495. Leclerc, M.; Guay, J.; Dao,
L. H. Macromolecules 1989, 22, 649.

(10) MaCinnes, D., Jr.; Funt, B. L. Synth. Met. 1988, 25, 235. Mano-
har, S. K.; MacDiarmid, A. G.; Epstein, A. J. Bull. Am. Phys.
Soc. (Abstract) 1989, 34(3), 583.

(11) MacDiarmid, A. G.; Chang, J. C; Richter, A. F.; Somasiri, N.
L. D.; Epstein, A. J. In Conducting Polymers; Alcacer, L., Ed.;
D. Reidel Publications: Dordrecht, Holland, 1987.

(12) Wei, Y.; Tang X,; Sun, Y.; Focke, W. W. J. Polym. Sci., Polym.
Chem. Ed. 1989, 27, 2385.

(13) Wei, Y.; Sun, Y.; Tang, X. J. Phys. Chem. 1989, 93, 4878. Wei,
Y.; Sun, Y.; Patel, S.; Tang, X. Polym. Prepr. (Am. Chem.
Soc., Div. Polym. Chem.) 1989, 30(1), 228.

(14) Wei, Y.; Jang, G.-W.; Hsueh, K. F.; Hariharan, R.; Patel, S,;
Chan, C. C.; Whitecar, C. Polym. Mater. Sci. Eng. 1989, 61,
905.

(15) Reynolds, J. R.; Poropatic, P. A.; Toyooka, R. L. Macromol-
ecules 1987, 20, 958.

(16) Focke, W. W.; Wnek, G. E.; Wei, Y. J. Phys. Chem. 1987, 91,
5813.

(17) Tang, X.; Sun, Y.; Wei, Y. Makromol. Chem., Rapid Commun.
1988, 9, 829,

(18) Wudl, F.; Angus Jr., R. O.; Ly, F. L.; Allemand, P. M.; Vachon,
D. d.; Nowak, M.; Z. X. Liu, Z. X.; Heeger, A. J. J. Am. Chem.
Soc. 1987, 109, 3677. Tang, J.; Jing, X.; Wang, B.; Wang, F.
Synth. Met. 1988, 24, 231. Genies, E. M.; Lapkowski, M.; Pen-
neau, J. F. J. Electroanal. Chem. 1988, 249, 97.

(19) Wei, Y.; Hsueh, K. F.; Wnek, G. E.; Ray, A.; MacDiarmid, A.
G., to be submitted for publication.

(20) Hofmann, A. W. Proc. R. Soc. London 1863, 12, 576. Cox, R.
A.; Buncel, E. In The Chemistry of Hydrazo, Azo and Azoxy
Groups; Patel, S., Ed.; Wiley: New York, 1975; Part 2, p 775.

(21) Breitenbach, M.; Heckner, K. H. J. Electroanal. Chem. 1971,
29, 308; 1973, 43, 267. Genies, E. M.; Lapkowski, M. J. Elec-
troanal. Chem. 1987, 236, 189; 199.

(22) Hine, J. Structural Effects on Equilibria in Organic Chemis-
try; Wiley: New York, 1975.

Registry No. (Aniline)(o-toluidine) (copolymer), 124287-76-
9; (aniline)(m-toluidine) (copolymer), 124287-77-0; m-tolu-
idine, 108-44-1; aniline, 62-53-3; o-toluidine, 95-53-4.

Effect of Solvent Polarity on Functionalized
Polyethylene—Solution Interfaces

David E. Bergbreiter" and Marc D. Hein

Texas A&M University, Department of Chemistry, College Station, Texas 77843.
Received May 1, 1989; Reuvised Manuscript Received August 16, 1989

ABSTRACT: Entrapment functionalized films containing dansyl fluorescent labels were prepared and changes
in the polymer—solution interface were investigated as a function of solvent polarity. Changes in the emis-
sion maximum, the extent of fluorescence quenching, and the rate of fluorescence quenching showed that
the polymer-solution interface depth varied depending on the polarity of the solvent used. Functional
groups in the polymer—solution interface existed in one of three types of chemical environments—the bulk
of the polymer where functional groups were unreactive to reagents in solution and in which they did not
interact with solvent, an interfacial region where soluble reagents could react with the functionalized poly-
mer to varying extents but in which the reactivity of external reagents was approximately the same regard-
less of the external solvent, and a highly solvated region where the functional groups acted as if they were
in solution and where the polyethylene-bound dansyl were readily accessible to reagents in solution.

Polymer surfaces play an important role in many poly-
mer applications including adhesion, composite forma-
tion, biocompatibility, mass transport, and biode-
gradation.'™ Surface modification of preformed poly-
mers is a practical and useful method of altering the surface
properties of a polymer without changing the polymer’s
bulk properties. Examples of this approach for the func-
tionalization of hydrocarbon polymers include the use of
chromic®™! or nitric acid etching'? and corona discharge
treatments.'®'® We have previously described an alter-
native to these chemical procedures in which terminally
functionalized ethylene oligomers are entrapped from solu-
tions of such oligomers and additive-free polyethylene
to form functionalized polyethylene powders or films.?"'8
This procedure, which we have called entrapment func-
tionalization, has proven to be useful both in prepara-
tion df functionalized polyethylenes and as a technique
to facilitate the use of homogeneous catalysts.’®>** One
advantage of entrapment functionalization is that we can
prepare entrapment functionalized polyethylene films
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selectively and reproducibly by controlling conditions such
as the method of precipitation, the crystallinity of the
host polymer, the size of the functional group, the polar-
ity of the functional group, and the extent of branching
in the ethylene oligomer.'® Therefore, consecutive sam-
ples may be prepared with similar distributions and con-
centrations of functional groups. Further, since we have
a measure of control over the degree of surface function-
alization, we can prepare functionalized polymers that
are suitable for probing the solid-liquid interfaces involv-
ing polyethylene and organic solvents.

One poorly understood aspect of polymer surface chem-
istry is the question of exactly what constitutes a poly-
mer surface. Complicating this question are subtle effects
such as the degree to which such a surface changes with
time, heating, or different chemical environments. The
case of a non-cross-linked polymer like polyethylene sus-
pended in various organic solvents is one example of a
situation in which the term “surface” is ambiguous. In
our prior work we have described this surface as the region
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or interface in which functional groups bound to the poly-
mer can readily react with solvents and reagents in solu-
tion. Such a surface or interface is a much broader phase
boundary than the phase boundary encountered in deal-
ing with polyethylene-water interfaces, which White-
sides has studied in some detail.®** Further, different
solvents will define different polyethylene—solution inter-
faces depending upon the solvent’s interaction with the
functionalized polymer surface. A variety of changes can
be envisioned in response to changes in the identity of
the suspending solvent such as an increase or decrease
in the depth of the interface, a change in the effective
viscosity of the interface, an altered reactivity of func-
tional groups versus their reactivity in homogeneous solu-
tion or bulk polymer, and a restructuring of the polymer
interface. S;)ectroscopic investigations using ESR,%171822
UV-visible,?325 and fluorescence®®~2® spectroscopy have
proven to be useful methods of probing structural and
chemical changes in many polymeric systems and each
of these techniques should be useful in studying these
solid-liquid interfaces. Solvatochromic shifts in the emis-
sion spectra of fluorescent labels in polymers have been
used to advantage in prior work to probe both solvation
and reactivity.2>3! Here we describe our initial studies
using these same fluorescent probes attached to linear
ethylene oligomers (M, ca. 2000) to examine the effects
of organic solvents on functionalized polyethylene films
prepared by entrapment functionalization.

This paper discusses results we obtained using dansyl
([5-(dimethylamino)-1-naphthyl]sulfonyl)-labeled poly-
ethylene films prepared by entrapment functionaliza-
tion to observe solvent effects upon the accessibility and
reactivity of functional groups at polyethylene—solvent
interfaces. Our results show that the functional groups
exist in an interfacial region that is sensitive to changes
induced by the choice of the solvent in which the film is
suspended. Kinetic studies of the rate of protonation,
the extent of protonation, and the A,,, of the emission
show that these dansyl groups do not exist in a uniform
environment. Our results can be interpreted in terms of
the interface being qualitatively divided into three regions.
First, the entrapped fluorescent labels are located in a
bulk region where they react only slowly if at all with
soluble reagents and where solvent interactions with the
fluorescent probe are minimal. Second, there is an inter-
facial region where soluble reagents can react with the
functionalized polymer to varying extents but in which
the reactivity of external reagents is approximately the
same regardless of the external solvent. Third, a por-
tion of the fluorescent groups are located in a highly
solvated region where the functional groups react as if
they were in solution and where they experience a more
solution-like environment.

Results and Discussion

Terminally carboxylated ethylene oligomer (PE-1) was
prepared as outlined in eq 1. This strictly linear carbox-
ylated ethylene oligomer was further derivatized to form
the dansyl-labeled oligomer PE-2 (eq 2). Dissolution of
oligomer PE-2 with a 100-fold excess of additive-free poly-
ethylene (M, of ca. 190 000, melt index of 0.96) in tolu-
ene at 110 °C followed by cooling resulted in coprecipi-
tation of the polyethylene and the dansyl-labeled oligo-
mer to form an entrapment functionalized polyethylene
powder containing PE-2. Films (ca. 15 um thick) of the
entrapment functionalized polyethylene were then sol-
vent cast from o-dichlorobenzene solutions of this poly-
mer and fluorescent labeled oligomer.
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The dansyl-labeled polyethylene films so prepared are
indistinguishable from unfunctionalized polyethylene films
under room light. Under UV radiation they exhibit a
blue-green fluorescence indicative of dansyl labels. Absor-
bance spectra of the 1% functionalized films were not
obtained due to the low concentration of functional groups.
However, an absorbance spectrum of the dansyl-labeled
ethylene oligomer was identical with that observed for
the dansyl-labeled octadecanoic acid and octadecyl-
amine, C,7H3;;CONHCH,CH,NHSO0,C, H,N(CH,),
(CI7H35CO‘2) and CIBH37NHSOZC]_0H6N(CH3)2 (CIS-
H,,NH-DANS). Emission spectra of the dansyl-labeled
films were alsosimilar tospectraobtained from C,,H;,CO-
2 and C,;;Hy;NH-DANS. Characteristic shifts in A, with
varying solvent polarity were observed for both soluble
analogues and dansyl-labeled films.2%3!

Qualitatively the shifts in A, show the dependence
of the polyethylene—solution interface upon solvent polar-
ity. Figure 1 shows the changes observed in the emis-
sion maxima versus solvent dielectric constant. With sol-
uble analogues a continuous increase in A,,,, was observed
from nonpolar to polar solvent. In entrapment function-
alized films, A, was at 458 nm in cyclohexane suspen-
sions. Similarly, solutions of C,;H;;NH-DANS had a
Amex Of 449 nm. However, unlike C,gH3,NH-DANS, a
maximum was observed in dichloromethane. With sol-
vents more polar than dichloromethane, A, gradually
decreased until a A, of 458 nm was observed in an aque-
ous suspension of PE-2. This last value is characteristic
of dansyl labels in a nonpolar environment. Whitesides
has reported similar but less dramatic changes in A,
with dansyl-labeled polyethylene films prepared by chro-
mic acid etching.® Two differences between the two types
of films are evident here. Functional groups in entrap-
ment functionalized films exist in a much more nonpo-
lar environment than dansyl labels in etched films as evi-
dent by an emission maximum that is as much as 30 nm
lower (Table I). This is probably due to the more polar
surface of etched films, which could include ketone, alde-
hyde, and either unreacted carboxylate or ester function-
alities. Second, the oxidized films reported by White-
sides are comparatively less sensitive to changes in sol-
vent polarity showing a total shift over the range of solvents
used of only 15 nm. Entrapment functionalized films
show a greater sensitivity to solvent polarity showing shifts
in A,., of approximately 30 nm with the same solvents.
Although the emission maxima in Whitesides films started
out at much higher wavelengths and were less sensitive
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Figure 1. Plot of the observed emission maximum (in nano-
meters) as a function of the dielectric constant: (O) dansyl-la-
beled octadecylamine (C,;Hs,NH-DANS), (®) dansyl-labeled
entrapment functionalized polyethylene film (polyethylene-
containing PE-2), (v) dansyl-labeled etched polyethylene film
(from data in ref 8).

Table I
Observed Emission Maxima for Dansyl-Labeled
Compounds*

emission max, nm

dielectric octadecyl-

solvent constant amine  entrapped etched®

cyclohexane 2.220 449 458 490
toluene 2.381 476 467 490
diethy! ether 4.335 469 465 490
tetrahydrofuran 7.58 483

dichloromethane 8.93 500 484 505
acetone 20.56 507 477 503
ethanol 24.55 514 470 502
methanol 32.66 467 508
dimethylformamide  36.71 513 471 508
water 78.39 458 500

% Fluorescence spectra were measured at 25 °C with excitation
at 350 nm. Values for dielectric constants were taken from ref 33.
b Reported emission mazima for etched polyethylene films listed
by Whitesides in ref 8,

to changes in solvent polarity due to the more polar nature
of the etched surfaces, the same qualitative changes were
seen in switching from nonpolar to polar solvents.

One feature of dansyl labels is that the fluorescence is
readily quenched by acid. We used this to measure the
kinetic differences between polyethylene—solution inter-
faces with different solvents. Two series of related sol-
vents were chosen with differing polarities along with tol-
uene and two chlorinated solvents. The results from these
studies, which illustrate the extent to which solvent can
affect chemistry at these functionalized polyethylene solu-
tion interfaces, are listed in Table II. The experiments
were conducted by suspending a film in a solution con-
taining a standard amount of HCL. Acid solutions were
prepared by adding equimolar amounts of acetyl chlo-
ride and methanol to the appropriate solvent and dilut-
ing to the desired volume, except in water, ethanol, butanol,
and octanol, in which cases the methanol was omitted.
The resulting HCI solution was then added to a cuvette
containing the dansyl-labeled film. The extent of quench-
ing was determined by measuring the decrease in fluo-
rescence intensity over a period of approximately 20 h.32
No loss of fluorescence intensity was seen in control exper-
iments in which HCI was absent.

The plots of I/I, (Figure 2) show that the extent of
protonation varied depending on the dielectric constant
of the solvent used. In the most polar solvent studied,
water, 24% of the dansyl groups in the film were proto-
nated. Similar extents of protonation were seen in meth-
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Table I1
Extent and Rate of Fluorescence Quenching of
Dansyl-Labeled Polyethylene Films*

rel population,

. film
dielectric 1073k, %, region thickness,
solvent constant st 1 2 3 um
hydroxylic solvents
water 78.39 1.27 7 17 176 14.5
methanol 32.66 28 4 26 70 21.5
ethanol 24.55 3.21 3 33 64 9
butanol 17.51 6.81 10 43 47
octanol 10.37 836 6 b4 40 28

ethereal solvents
tetrahydrofuran 7.58 331 34 28 38 14
dimethoxyethane  7.20 479 34 27 39 14.5
ethyl ether 4,335 672 26 24 50 17
butyl ether 3.083 420 25 52 23

hydrocarbon and chlorinated hydrocarbon solvents
dichloromethane 8.93 706 67 24 9 20
chloroform 4806 222 95 5 7 18
toluene 2.381 246 42 46 12 11

% Quenching was studied at 25 °C by using a 1.3 X 102 M solu-
tion of HCI (generated from ROH + CH,COCI). Values for the dielec-
tric constants for the solvents shown were taken from ref 33.
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Figure 2. Plot of the observed extent of fluorescence quench-
ing of dansyl labels in entrapment functionalized polyethylene
films by HCI versus the dielectric constant of the suspending
solvent.

anol and ethanol. However, as the solvents became more
nonpolar, a significant change in the extent of fluores-
cence quenching is observed. This is best illustrated by
comparing the series of hydroxylic solvents in which the
extent of quenching varied from 24% in water to 60%
in octanol. Ethers gave rise to the points that do not fit
well on the curve shown in Figure 2. While the extent
of protonation also varied with solvent in these ethers,
the maximum extent of protonation was seen with THF,
the most polar ether solvent. In the case of halogenated
solvents and toluene, the percent of unreacted dansyl
groups was consistently low.

One possible explanation for these results would be
that the solvent chosen affected the equilibrium between
HCI and the protonated dansyl fluorophore. We attempted
to eliminate this possibility by our choice of experimen-
tal conditions. In the case of the protonation of films,
we used a large excess of HCI, typically about an 8000:1
molar excess. However, in the case of CH,Cl,, THF, and
ethanol we ran a second series of protonations. In these
three cases, we added a sample of C,;H;,NH-DANS equiv-
alent to about 0.5% of the original amount of HCI (i.e.,
a 200:1 molar ratio of HCI to C,sH;;NH-DANS). Even
under these conditions where the concentration of dan-
syl group is more than a factor of 10 less, substantial or
complete protonation of the soluble label occurred. Spe-
cifically, there was >99% quenching in CH,Cl,, 70%
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Figure 3. Plot of observed changes in emission maximum (O)
(in nanometers) and the percent of unquenched dansyl labels
(®) versus time.

quenching in THF, and 86% quenching in ethanol. These
results suggest that solvent effects on the protonation of
a dansyl label have at most a small effect on the relative
populations shown in Table II. However, increasing con-
centrations of HCI in solution do affect the amount of
protonation. For this reason, the data in Table IT were
all obtained with the same amount of soluble acid (except
for the dibutyl ether data in which the HCl concentra-
tion was a factor of 2 greater).

Film thickness could have a large effect on the results
reported in Table II. However, the examples listed in
this table all have similar film thicknesses, which were
on the order of 15 £ 5 um. Additional experiments car-
ried out with thinner films (5-10 um) showed trends sim-
ilar to those listed in Table II and described in the fig-
ures above. However, some differences in the extent of
protonation were noted in that thinner films generally
reacted to a greater extent.

A reasonable explanation of these resuits would be that
it is only the dansyl groups at the surface and in the sol-
vent-swollen interface that are being protonated. The
unreacted dansyl groups that remain after the protona-
tion reaction is complete would then presumably be those
located in the bulk polymer, which are unaffected by sol-
vent. This premise was supported by protonation exper-
iments in which a change in-A_,, was seen during the
course of the protonation. These results, which are sum-
marized in Figure 3 graphically, show that these dansyl
groups exist in a range of chemical environments in the
polyethylene—solvent interface that have varying acces-
sibility to solvent, which parallels their reactivity toward
reagents in solution. For example, consecutive scans of
the emission spectrum of a dansyl-labeled film sus-
pended in butanol during the protonation experiment show
that as more of the functional groups were protonated,
the emission maximum shifts to lower wavelengths until
it levels off at a level like that seen for a dry film (or for
a film in cyclohexane suspension). This shift in A, is
in accord with the presumption that the functional groups
that do not react with HCI in these solvents are those
that exist in the most nonpolar environment, i.e., bulk
polyethylene, and are unaffected by solvent.

The kinetics of these protonation reactions (Figure 4
and Table II) provide further insight into the reactivity
of dansyl groups in these polyethylene-solvent inter-
faces. As can be seen from the representative kinetic
plots shown in Figure 4, the rate of protonation was not
a simple first-order reaction. Instead, the kinetic plots
in Figure 4 (and for the other solvents in Table II) con-
sisted of two separate regions. The first part of the pro-
tonation reaction was in most cases too fast to examine
by our procedures. This phase of the reaction was typ-
ically complete within 300 s. A second, slower pseudo-
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Figure 4. Plots of the rate of protonation of dansyl-labeled

entrapment functionalized polyethylene films in ethereal sol-

vents: (@) tetrahydrofuran, (O) diethyl ether, (A) dimethox-
yethane, and (a) dibutyl ether.

first-order reaction was then observed. Rate constants
obtained from data after 500 s are listed in Table II. We
suggest that this behavior is due to the functional group’s
location in two chemically different environments.
Different chemical environments in a functionalized
polyethylene film suspended in a solvent could arise for
several reasons. For example, differences in polarity, ion-
solvation ability, viscosity, and the degree of swelling by
solvent could each be contributing factors producing dif-
ferent chemical environments. We believe the simplest
interpretation of our results is a picture in which these
effects combine to produce polyethylene-solution inter-
faces in which there are three chemically and kinetically
distinctive domains. Region 1 is a highly solvated region.
Functional groups existing in this region were readily acces-
sible to reagents in solution and experience a solution-
like environment. Region 2 is a region that may contain
some solvent molecules. However, the functional groups
in this region experience a more polymer-like environ-
ment with diminished access to soluble reagents possi-
bly due to diffusional restriction imposed on such reagents
by the polymer chains. Plausibly the polymer chains in
this region would be less mobile, perhaps because these
chains are adjacent to crystalline regions of the polymer.
Region 3 would be best described as bulk polymer. Func-
tional groups in this region are inaccessible to solvent
and reagents. Although the dimensions of each of the
regions varied depending upon the particular solvent cho-
sen, each polyethylene-solvent system studied con-
tained some functional groups in each of these regions.
The actual dimensions of the regions cannot be defined
from these experiments. However, we were able to esti-
mate the relative populations of dansyl labels in each
region in any given solvent suspension under our condi-
tions from the extent of protonation and changes in the
rate of protonation. In all of the cases, there was a dis-
tinct change in the rate of protonation after 200-400 s.
Thus, we measured the I/], value after ca. 300 s and at
the point at which the protonation reaction had essen-
tially ceased.’> The values of I/I, measured were then
used as estimates of the percent of dansyl groups that
had been quenched. Such estimates are qualitative and
contain some intrinsic errors in that they assume that
dansyl groups in each region fluoresce with equal effi-
ciency. Nonetheless, the estimates of populations derived
in this manner, which are listed in Table II, do provide
a consistent picture of a polyethylene interface that var-
ies appreciably in depth depending on solvent. Compar-
ison of the relative populations in the hydroxyl-contain-
ing solvents is illustrative. In these cases, more dansyl
groups react in the more organic alcohols. However, in
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ethereal solvents, which are all less polar, the situation
changes. As one changes from THF to diethyl ether to
dibutyl ether the overall extent of reaction begins to
decrease. A possible explanation would be that there is
an optimum value for solvent polarity in these oxygen-
ated solvents that facilitates reaction. In the case of the
two chlorinated solvents and for toluene, essentially all
the entrapped dansyl groups are protonated. Evidently
these solvents swell polyethylene to a sufficient extent
for nearly complete access by HCI to the entrapped flu-
orophores. However, even in these cases, a measurable
amount of dansyl groups do not become quenched show-
ing that there are regions of polyethylene in which HCI
is kinetically unreactive under our conditions.

The observed rate constants listed in Table II also sup-
port this description. In particular, the rate constant for
the second stage of the protonation reaction shows only
a modest sensitivity to changes in polarity of the solvent
used. This suggests that solvent does not markedly affect
the rate of this second stage of the protonation reaction.
In fact all of the rate constants except that for chloro-
form are in the range (1.2-8.3) X 102 5%, The small dif-
ferences that are seen are best illustrated by the changes
seen among the hydroxylic solvents. In this series of sol-
vents there is a regular increase in the rate constant for
the protonation reaction with decreasing solvent polar-
ity. However, it is also likely that significant amount of
this difference could be due to differences in acid strength
{or identity) in these different solvents.

Larger effects are seen in the greater amounts of ini-
tial protonation in the non-oxygen containing solvents.
This may reflect the identity of the acidic species present.
In oxygenated solvents, protonated solvent is the likely
acid. However, in chloroform, methylene chloride, and
toluene the proton donor may be the more reactive HCI.
This could also explain the greater extent of protonation
in the last three solvents since HCI diffusion into poly-
ethylene may be much more facile than that of proto-
nated solvent.

Summary

The results described demonstrate that polyethylene—
solvent interfaces contain a variety of chemical environ-
ments. The dimensions of the polyethylene interface
change with the introduction of various polarity sol-
vents. Functional groups located at the interface expe-
rience a range of chemical environments. These environ-
ments can be qualitatively described as three different
regions varying only in the degree of solvation or swell-
ing of the polymer interface. The evidence for this het-
erogeneity of microenvironments is seen both in quali-
tative observations of shifts in A ,, and in non-first-
order kinetics in the protonation experiments.

These observations are in contrast to the results observed
in etched films by Whitesides and co-workers. In etched
systems, the functional groups were insensitive to changes
in solvent polarity and appeared to experience one homo-
geneous environment. This suggests that entrapment func-
tionalized films are a good alternative method of prepar-
ing functionalized polyethylene surfaces allowing the prep-
aration of similar surfaces obtained by other more common
methods. However, some of the properties of entrap-
ment functionalized films are quite different from those
of films prepared by surface oxidation. In general we
feel that entrapment functionalization incorporates func-
tional groups into regions much deeper in the polymer
interface than surface oxidation procedures. This differ-
ence allows the probing of changes in polyethylene—so-
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lution interfaces that may not be observed in other sys-
tems.

The polyethylene—solution interface is a heteroge-
neous medium that is important to many polymer appli-
cations. The effects of the interface upon molecular inter-
actions is still poorly understood. The work described
here, although qualitative in many respects, demon-
strates the need to understand how simple changes such
as the changing of solvent polarity can dramatically effect
the polymer interface.

Experimental Section

General Methods. Ethylene and carbon dioxide gases were
purchased from Matheson Co. N,N,N",N'-Tetramethylethylene-
diamine (TMEDA) was distilled from potassium metal and stored
over potassium metal under a nitrogen atmosphere until used.
Carbonyldiimidazole was obtained from Fluka Chemical Co. n-
Butyllithium was purchased from Aldrich Chemical Co. as a
1.6 N solution in hexanes. This solution was periodically titrated
with a xylene solution of N-phenyl-1-naphthylamine and 2-
butanol.®* The column for GPC analysis was 30 cm long and
7.8 mm in diameter and packed with fully porous highly cross-
linked styrene-divinylbenzene copolymer (Waters, 500-A ultra
STYRAGEL). GPC analysis was carried out with degassed tol-
uene at room temperature. Toluene and heptane were dis-
tilled from sodium benzophenone ketyl under a nitrogen atmo-
sphere. All other solvents were ACS reagent grade and were
used without further purification.

Polymer Materials. The high molecular weight polyethyl-
ene used throughout these experiments was obtained from Allied
Corp. This polymer had an average molecular weight between
180 000 and 200 000 with a melt index of 0.96. Short-chain oli-
gomers were removed from the sample by repeatedly dissolv-
ing the polymer in fresh solvent and precipitating it until no
soluble materials could be detected in the solvent at room tem-
perature by GPC with RI detection.

Instrumentation. All 'H NMR spectra of polymer sam-
ples were taken in toluene-dg. Samples consisted of 15-20 mg
of polymer in approximately 0.5 mL of solvent with 4 mg of
1,1,2,2-tetrachloroethane as an internal standard. All spectra
of polymer samples were taken on a Varian XL-200 or XL-400
NMR at 105 °C. All other NMR data were collected on a Varian
XL-200E NMR at room temperature. UV-visible spectra were
obtained by using a Perkin-Elmer Model 552 or Lambda 4 spec-
trophotometer. IR spectra were obtained on an IBM IR44 FT/
IR. Fluorescence spectra were obtained on a SLM-Aminco SPF-
500 C spectrofluorometer. All polymer films were cast in an
explosion-proof Friction-Aire oven.

Preparation of carboxyl-terminated ethylene oligomer
was accomplished according to a literature procedure.®®

Preparation of 1-(Dimethylamino)-5-naphthalenesulfo-
nyl Octadecylamine. Octadecylamine (4.86 g, 30 mmol) was
dissolved in 75 mL of methylene chloride in a 250-mL, round-
bottomed, three-necked flask equipped with a magnetic stir bar,
a reflux condenser, and an addition funnel. The apparatus was
purged with argon for 15 min and 1.62 g of dansyl chioride dis-
solved in 50 mL of methylene chloride was added to the drop-
ping funnel. The dansyl solution was slowly added to the octa-
decylamine solution over a 10-min period. The reaction was
allowed to stir for 3 h and worked up by extracting once with
500 mL of 1 N NaOH and four times with 500 mL of water.
The solution was dried over Na,SO, and concentrated under
vacuum to yield a crude product, which was purified by col-
umn chromatography with silica gel (ethyl acetate elution). The
fluorescent fraction was collected and dried to yield 2.51 g of
product: mp 66-68 °C (lit.>® mp 69.5-71.0 °C); 'H NMR
(CDCly) 6 0.9 (t), 1.3 (br m), 2.9 (m), 4.65 (t), 7.2 (d), 7.6 (q),
8.3 (t), 8.6 (d).

Preparation of [[1-(dimethylamino)-5-naphthyl]sulfo-
nyllethylenediamine was accomplished according to a litera-
ture procedure.®

Preparation of Dansylethylenediamine-Labeled Octa-
decanoic Acid. Octadecanoic acid (0.2 g, 0.7 mmol) and 0.13
g (0.8 mmol) of carbonyldiimidazole were added to a 150-mL,
three-necked, round-bottomed flask equipped with a magnetic
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stir bar. The apparatus was purged with argon and 20 mL of
toluene was added. After heating to reflux for 14 h, 0.3 g of
dansylethylenediamine was added to the mixture and the reac-
tion was refluxed for an additional 24 h. The reaction mixture
was worked up after cooling to room temperature by first add-
ing 100 mL of methylene chloride and then extracting with three
500-mL portions of water and once with 500 mL of saturated
NaHCO,. The organic layer was then dried and concentrated
under vacuum to yield a crude product. Further purification
was accomplished by recrystallization from 80% methanol and
20% water to yield 0.274 g of a tan colored solid (54% yield)
having mp 88-90 °C: 'H NMR (toluene-dg) § 0.9 (t), 1.3 (br s),
1.7 (t), 2.5 (s), 2.6 (m), 2.8 (m), 4.9 (m), 5.4 (), 6.8 (d), 7.4 (),
8.2 (d) and 8.6 (d); HRMS 559.3869, caled for Cg,Hzq03N,S
559.3807.

Preparation of Dansylethylenediamine-Labeled Carbox-
ylated Ethylene Oligomer. Carboxyl-terminated ethylene oli-
gomer (2.0 g, 1.24 mmol of CO,H) and 0.3 g (1.8 mmol) of car-
bonyldiimidazole were placed in a 250-mL, three-necked, round-
bottomed flask equipped with a magnetic stir bar and a reflux
condenser. Addition of 100 mL of toluene and heating to reflux
dissolved the oligomer. The 0.505 g (1.7 mmol) of dansylethyl-
enediamine was added and the reaction allowed to reflux for
an additional 3 h. At this time, the reaction mixture was cooled
to precipitate the dansyl-labeled oligomer, which was collected
by suction filtration. The crude oligomer product was redis-
solved in toluene and precipitated a second time to yield 1.52 ¢
of product: *H NMR (toluene-dg) 6 0.9 (t), 1.3 (br s), 1.7 (t), 2.6
(s), 2.7 (br s), 2.9 (q), 4.9 (br s), 7.2 (t), 7.35 (t), 8.2 (d), 8.4 (d),
8.5 (d). From end-group analysis the molecular weight was cal-
culated to be 2050 g/mol with a loading of 0.18 mmol/g.

Preparation of Entrapment Functionalized Polyethyl-
ene Powders. Polyethylene powders containing PE-2 were pre-
pared by cooling a 110 °C toluene solution of 1 part of func-
tionalized ethylene oligomer to 100 parts of virgin high molec-
ular weight polyethylene. Any loosely adsorbed dye was removed
by Soxhlet extraction with methylene chloride for 96 h.

Preparation of Entrapment Functionalized Polyethyl-
ene Films. A solution of 0.13 g of entrapped oligomer in poly-
ethylene was prepared by using 25 mL of 1,2-dichlorobenzene
at 140 °C. Upon dissolution of the polymer, the solution was
immediately poured into a Petri dish maintained at 135 °C in
an explosion-proof Friction-Aire oven. The dish was covered
with a pane of glass and solvent was allowed to evaporate. The
Petri dish was removed from the oven and allowed to cool to
room temperature. The film was then removed from the bot-
tom of the dish in 1-in. square pieces with forceps and stored
in a capped scintillation vial. Film thickness was nominally 15
um and is listed in Table II.

General Fluorescence Measurements. Solution samples
were prepared from a concentrated stock solution of the solu-
ble fluorophore in methylene chloride. Aliquots of the stock
solution were then added to a volumetric flask. The flask was
purged with argon until all the solvent evaporated. Then the
aliquot was diluted to the desired volume with the appropriate
solvent. A small aliquot of the diluted sample was then trans-
ferred to a cuvette and the emission spectrum was obtained
between 375 and 600 nm (excitation at 350 nm, 5-nm excita-
tion and emission slit). Fluorescence spectra of functionalized
films were obtained by using a triangular cuvette with the film
resting against the diagonal face. The diagonal face of the cuvette
was placed so that reflected light did not reach the detector.

Procedure for Fluorescence Quenching of Entrapment
Functionalized Polyethylene Films. Polyethylene films con-
taining PE-2 were suspended in the solvent of choice and allowed
to equilibrate for a minimum of 15 min. After the emission
spectrum was recorded, the solvent was removed and replaced
with an HCI solution prepared by dissolving 0.1 g (1.3 mmol)
and 0.041 g (1.3 mmol) of acetyl chloride and methanol, respec-
tively, in 100 mL of the chosen solvent. Methanol was omitted
for other hydroxylic solvents. Emission spectra were periodi-
cally recorded over a period of 20 h at which point changes in
emission intensity had essentially stopped occurring.
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