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Introduction

Previously we have demonstrated that monolayers of
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ABSTRACT: The molecular weights of three poly-4-BCMU samples were determined with a film balance
technique by assuming near ideal behavior at low film concentrations. For the high, medium, and low
molecular weight samples the number-average molecular weights were 410 000, 300 000, and 66 000 g/mol,
respectively. All three samples showed a monolayer/bilayer, yellow coil/red rod conformational change
similar to those we previously reported;! however, the low molecular weight sample initiated the compres-
sional transition at a significantly lower area/residue than did either the medium or high molecular weight
samples. This was interpreted to mean that the shorter chains in the low molecular weight sample had an
increased number of semisoluble end groups. The visible absorption spectra indicated that while the low
molecular weight sample underwent a yellow coil/red rod transition more readily and to a greater extent,
the resultant red rod form was somewhat less organized. We have also made further comparisons of poly-
3- and poly-4-BCMU. A reevaluation of the thermodynamics of the monolayer/bilayer transition, as indi-
cated by surface pressure/area per residue isotherms, using a modified Clapeyron equation, showed slight
exothermicity and increasing order accompanying multilayer formation of red rod poly-4-BCMU. Reso-
nance-enhanced, laser Raman spectroscopy clearly reveals that the upper layer of the condensed bilayer
consists of the red rod form but that the residual lower layer remains in the yellow coil form. Transmis-
sion electron microscopy of both poly-3-BCMU and poly-4-BCMU reveals a transition from a smooth sur-
face in the monolayer region to one exhibiting numerous rodlike features in the transition region until in
the condensed phase a more uniform but textured appearance is achieved. The effects of both solid and
aqueous substrates were also examined. Deposition of monolayers of both polymers on hydrophobic solid
substrates gave clear visible spectroscopic evidence of a small, partially induced coil to rod transition, in
contrast to similar monolayers deposited on hydrophilic solid surfaces. Changing the pH and the addition
of both sodium and calcium ions to an aqueous substrate also had significant effects. For poly-4-BCMU
high pH (12.5) values resulted in an overall expansion for both expanded and condensed isotherm seg-
ments. For poly-3-BCMU the condensed state was expanded but the expanded (monolayer) state was con-
densed. A combination of ionization and hydrolysis was invoked for both polymers with ionization pre-
dominating for poly-4-BCMU and hydrolysis playing a more significant role for poly-3-BCMU. Calcium
ions were shown to greatly condense ionized films while high concentrations of sodium ions produced expan-
sion. The latter resulted in nearly identical compressional isotherms for poly-3-BCMU and poly-4-BCMU,
except for a shift of the highly sensitive transition region.
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ular hydrogen bonding to take place between adjacent

both poly-4-BCMU? [poly(dibutyl 4,19-dioxo-5,18-dioxa-
3,20-diaza-10,12-docosadiynedioate)] and poly-3-
BCMU? [poly(dibutyl 4,17-dioxo-5,16-dioxa-3,18-diaza-
9,11-eicosadiynedioate)] have surface pressure (w)-area
per residue (A) isotherms exhibiting a phase transition
that incorporates an intramolecular conformational tran-
sition from an expanded monomolecular amphipathic yel-
low coil form to a condensed multimolecular nonamphi-
pathic red or blue rod form. The conformational transi-
tion, from coil to rod, has been previously reported, both
in solution and solid-state films by others®® and has been
interpreted as representing an increased effective -
electron conjugation length along the polymer back-
bone. The transition is brought about either by chang-
ing the solvent toward a more nonpolar composition or
by decreasing the temperature. This allows intramolec-

* T'o whom correspondence should be addressed.
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In this paper we report and compare the monomolec-
ular film behavior of high and low molecular weight (MW)
poly-4-BCMU samples. We will see that these show sim-
ilar but somewhat different behavior from that of a medium
MW poly-4-BCMU?! through both r—A isotherms at the
air/water interface and visible absorption spectra of Lang-
muir-Blodgett (LB) transferred films.

The number-average molecular weights of high, low,
and previously studied medium MW samples of poly-4-
BCMU were determined by using a film balance and a
modified ideal gas law type equation, which applies at
low surface pressures. w—A isotherms for medium MW
poly-4-BCMU along with visible absorption spectra of
LB transferred films are presented. Resonance Raman
spectra of medium MW poly-4-BCMU transferred films
provide complimentary evidence of the coil to rod con-
formational transition.

The relaxation observed between a continuous com-
pression and a stepwise, “equilibrium” isotherm of poly-

© 1990 American Chemical Society
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4-BCMU was also studied. Transmission electron micros-
copy of LB transferred films of both poly-4-BCMU and
poly-3-BCMU reveal rodlike domains that exist in both
the transition region and condensed multimolecular state,
while the expanded monomolecular state film shows only
a flat featureless topography lacking such domains.

The effect of a low-energy hydrophobic solid surface
on the conformation of horizontally lifted poly-4-BCMU
and poly-3-BCMU monolayers was studied by visible
absorption spectroscopy. The hydrophobic surface was
apparently able to induce increased order in films trans-
ferred in the expanded state and, to a lesser degree, the
condensed state of both poly-4-BCMU and poly-3-
BCMU.

The role of subphase pH and cation composition (i.e.,
Na*, Ca?") in determining the monolayer behavior of poly-
4-BCMU and poly-3-BCMU were also studied. Both poly-
mers showed monolayer behavior consistent with an ion-
ized state and/or hydrolysis at elevated pH (pH 12.5).
Addition of Ca%* to the subphase (10" M CaCl,) was
followed by a marked condensation. In contrast an over-
all expansion of both poly-4-BCMU and poly-3-BCMU
was obtained when films of these substances were spread
on a 3.0 M NaCl subphase. On such a subphase the films
of both showed near coincident 7—A isotherms for all areas
except within the transition region, where different pres-
sures at the compressional initiation of the transition
(m,) reflected residual film differences.

Experimental Section

Surface pressure (w) versus area per residue (A) isotherms
were obtained by using a Langmuir film balance, which has been
described previously.

Continuous compressional isotherms were obtained at a com-
pressional speed of 10 A? residue™ min~!. Stepwise isotherms
were determined through a series of short compressions fol-
lowed by a waiting period (typically 10-15 min) until all relax-
ation had apparently ceased. Surface pressure was measured
by the Wilhelmy plate method using a hydrogen fluoride, vapor-
etched, glass coverslip and an automatic-nulling R.G. Cahn elec-
trobalance and an analog chart recorder. Langmuir-Blodgett
vertical film transfer was carried out by using a motorized screw-
driven lift mechanism while a second, servo-driven motor adjusted
a Teflon barrier in order to maintain a constant surface pres-
sure (£0.1 dyn/cm). Horizontally lifted films were transferred
by lowering a hydrophobic substrate parallel to the film-
covered interface until contact was achieved, at which time any
remaining film surrounding the slide was suctioned off by a
pipet connected to an aspirator. The slide with the adherent
monolayer film was then carefully removed from the interface.

All glass slides used as substrates were cleaned by first immers-
ing them in hot chromic acid for 12 h. This was followed by a
thorough rinsing of the slides with singly distilled water and
then with quadruply distilled water. The slides to be used for
vertical transfers (with an original hydrophilic surface) were then
treated for approximately 5 min in an argon plasma prior to
use. Those slides used for horizontal transfers (with a hydro-
phobic surface) were first cleaned as above and then alkylated
by immersing them in a dilute solution of octadecyltrichlorosi-
lane (OTS) in chloroform (0.1 mL of OTS in 50 mL of CHCl,)
for approximately 10 min, after which they were rinsed with
chloroform and quadruply distilled water and then finally dried
in a stream of nitrogen.

Subphase water was first distilled and then deionized to give
a resistivity of at least 15.0 MQ cm. This water was then qua-
druply distilled, first from an alkaline stage, then from an acidic
stage, and finally twice from an all-quartz still. Both NaOH
and CaCl, were used as supplied without further purification
for isotherm determination since neither gave an indication of
surface-active impurities (<0.1 dyn/cm). For the molecular weight
determinations, where precise low-pressure measurements are
required, the NaCl used in its subphase was roasted at 540 °C
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for 12 h to remove any possible trace of organic material. The
chloroform used as a spreading solvent was purified by first
passing it through an alumina column and then by distillation.

The high and low molecular weight samples were obtained
by adding an equivalent amount of a nonpolymer solvent (hex-
ane) to a saturated chloroform solution of a medium molecular
weight sample. Addition of the nonsolvent resulted in an aggre-
gation of the high molecular weight sample, which was centri-
fuged off. The low molecular weight sample was then recov-
ered from the remaining solution.

The films used for transmission electron microscopy were first
vertically transferred onto hydrophilic freshly cleaved mica sub-
strates. These transferred films were then shadow cast under
vacuum (~107* torr) using as the filament a 2.5-cm length of
Pd/Pt (4:1) wire that was evaporated at an angle of approxi-
mately 20°. This resulted in a metal deposited thickness of
approximately 23 A. This was followed by a rotary carbon shad-
owing to give the underlying Pd/Pt layer sufficient mechani-
cal strength to float the resultant two-layer sandwich onto a
water surface in order to allow for mounting onto copper elec-
tron microscope grids (400 mesh). After air drying the mounted
films were viewed and photographed with a JEOL 100-EX trans-
mission electron microscope.

Visible absorption spectra were obtained on a Shimadzu UV
260 UV-visible spectrophotometer. All films were transferred
and spectra obtained at temperatures between 20 and 25 °C.

Results and Discussion

(a) Molecular Weight Determination. Number-
averaged molecular weights of samples of poly-4-BCMU
were determined by using a film balance to measure the
low surface pressure region of the v—A isotherm (7 < 0.2
dyn/cm). The molecular weights were obtained by plot-
ting the function m(A - A,) versus =, and extrapolating
to = = 0, assuming a modified ideal gas law of the form

7(A-A,) = RT/My % 10° (1)

where 7 = surface pressure in ergs per centimeter cubed,
A = available surface area per milligram of polymer, A,
= the surface area occupied by one milligram of the close-
packed polymer, R = the gas constant in ergs/mol-K, T
= the absolute temperature in kelvin, and My = the num-
ber-average molecular weight of the polymer in grams
per mole. It is possible to calculate My from the inter-
cept as # — 0. For poly-4-BCMU we take A, to be equal
to 13200 cm?/mg based on CPK space-filling models.
The data for both high and low MW poly-4-BCMU are
shown in Figure 1. The subphases used were 1.4 and 2.8
M NaCl in order to reduce the effects of slight polymer
solubility as indicated by preliminary studies on water
at 24.3 °C. Plots for both samples show positive devia-
tions from ideal behavior (i.e., d(x(4 - A,))/dT > 0) and
show deviations from linearity over the higher pressure
range studied. This occurred to a lesser degree with the
2.8 M NaCl subphase in which the polymer had the low-
est solubility. The high MW sample was found to give
an My equal to 410 000 g/mol, while the low MW sam-
ple gave an My equal to 66 000 g/mol. This gives a ratio
of 6.2 for My(high)/My(low). Thus, on average, there
would be 6.2 times as many chain ends in the case of low
MW poly-4-BCMU than for the high MW poly-4-
BCMU with equivalent quantities of polymer. Such chain
ends will inevitably have some kind of dipole moment
associated with them and have greater flexibility than
chain loops. It should presumably be easier to sub-
merge a chain end than a chain loop at the air/water
interface, and this could explain the more condensed
expanded state observed for low MW poly-4-BCMU. The
molecular weight of the medium MW poly-4-BCMU sam-
ple was 300 000 g/mol. The data are not shown here in
the interest of figure clarity. Due to difficulties in mea-
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Figure 1. Surface pressure (dyn/cm) versus area per residue
(A% isotherms for a high molecular weight sample (A) and a
low molecular weight sample (0) of poly-4-BCMU compressed
at the air/water interface.
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Figure 2. Molecular weight determination for high and low
molecular weight poly-4-BCMU samples on 1.4 M and 2.8 M
NaCl aqueous subphases: (A) 1.4 M, high; (0) 1.4 M, low; (4a)
2.8 M, high; (®) 2.8 M, low. Molecular weights reported were
for 2.8 M NaCl subphases. Ordinate: 7(4 - Ay) in dyn cm mg™?,
whe}'e A, is the close-packed area/residue. Abscissa: = in dyn
cm™,

suring extremely low surface pressures, the molecular
weight values should be taken as having a standard devi-
ation of £10 000 g/mol.

(b) High and Low MW Poly-4-BCMU. The surface
pressure () versus area per residue (A) isotherms of both
a high and low molecular weight sample of poly-4-
BCMU are shown in Figure 2. While both exhibit a phase
transition similar to that previously observed for medium
MW poly-4-BCMU monolayers at the air/water inter-
face,! the low MW sample is clearly more condensed, par-
ticularly in the monolayer region, than either the high
MW or medium MW sample. The fact that the length
of the transition region (AA) for the low MW sample is
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Figure 3. Visible absorption spectra of LB vertically trans-
ferred single-layer films of high molecular weight poly-4-
BCMU samples corresponding to five different surface pres-
sures in the expanded state, below the transition (r, - 1 dyn/
¢m) (A), at the start of the transition (O), at the finish (O) of
the transition (=, dyn/cm), and above the transition (=, + 1.5
dyn/cm) (a) and (7, + 5 dyn/cm) (@).
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Figure 4. Visible absorption spectra of LB vertically trans-
ferred single-layer films of low molecular weight poly-4-BCMU
samples corresponding to five different surface pressures: in the
expanded state, below the transition (r, - 1 dyn/cm) (8), at
the start of the transition (O), at the finish (O) of the transi-
tion (r, dyn/cm), and above the transition (r, + 1.5 dyn/cm)
(&) and (., + 5 dyn/cm) (m).

about one-half that of the high MW sample is due mainly
to the large decrease in the area at the transition onset
(68 A2/residue for the low MW sample compared to 106
A?/residue for the high MW one), since the extrapolated
area at zero pressure of the transition end point is 34 A2
for both high and low MW samples. The compressibil-
ity of the condensed state of low MW poly-4-BCMU is
somewhat greater than that of the high MW sample; how-
ever, the expanded states of both samples have compress-
ibilities that are nearly equal. The transition region of
the low MW sample has a finite slope compared to the
nearly horizontal transition region of the medium and
high MW samples.

The visible absorption spectra of LB vertically trans-
ferred, single-layer films corresponding to four different
surface pressures from both high and low MW samples
are shown in Figures 3 and 4, respectively. Both sets of
spectra show the disordered yellow coil to be the predom-
inant conformation of films transferred in the expanded
state (m, — 1.0 dyn/cm). Once in the transition region
(m,), evidence of the ordered red rod conformation begins
to appear in the spectra as a shoulder at approximately
530 nm. At the low area/residue end of the transition
there is, in addition to increased amounts of rod form, a
decrease in absorbance associated with the coil form and
a shift to longer wavelength. This wavelength shift is



Macromolecules, Vol. 23, No. 3, 1990

54

48+

42+

36

30

24r-

18-

Surface Pressure (dynes/cm)

12~

6._.

1 1 |

1 1
0 25 50 75 100 125 150 175
Area per Residue (A2)

0

Figure 5. Surface pressure versus area per residue isotherms
for the medium weight poly-4-BCMU sample at (*) 2.7, (©)
10.0, (¥) 20.0, (O) 30.0, and (&) 37.0 °C. Isotherms were deter-
mined by continuous compression.

evidence that the amphipathic lower layer coil mono-
layer is becoming increasingly modified by the upper layer
rod form as the phase transition progresses. Once beyond
the end of the transition region and into the condensed
state (7, + 1.5 dyn/cm) the A,, of the yellow coil form
of the high MW sample maintains its position, while that
of the low MW sample continues to shift to longer wave-
length. Finally, at a point well into the condensed state
(m, + 5.0 dyn/cm), the low MW yellow coil A\, again
shifts to longer wavelength but the high MW coil A,
remains fixed.

All spectra showing both yellow coil and red rod forms
appear more resolved for the high MW sample than for
the low MW spectra. The wavelength separation between
the coil and rod A, for the high MW sample is approx-
imately 60 nm, but it is only 40 nm for the low MW sam-
ple. Finally, the conversion of yellow coil to red rod form
appears to be easier for the low MW sample than for the
high MW sample at corresponding values of surface pres-
sure above 7,. These differences suggest that increased
polymer chain length seems to stabilize the interfacial
amphipathic yellow coil form in monomolecular and LB
films of poly-4-BCMU. Alternatively the higher MW sam-
ple has greater difficulty in undergoing the transition to
the rod form. The spectra of solution-cast films of high
and low MW poly-4-BCMU are seen to be almost iden-
Ecal, showing the predominance of the red rod form in

oth.

(¢) Medium MW Poly-4-BCMU. 7-A isotherms for
medium MW poly-4-BCMU are shown in Figure 5 and
are very similar to those previously reported.® The phase
transition is observed over the entire temperature range
studied (2.7-37.0 °C) and displays a negative tempera-
ture dependency (d,/dT = —0.048 dyn/cm-°C). The onset
of the transition is marked by a small irreversible peak
whose magnitude increases with decreasing tempera-
ture. m, is taken as the pressure of the near-horizontal
transition region. As can be seen in Figure 6, a plot of
=, versus T is nonlinear, particularly at lower tempera-
tures, being essentially linear at higher temperatures. As
reported previously,? the AH associated with the phase
transition via a modified two-dimensional analogue of the
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Figure 6. Transition pressure =, in dynes per centimeter as a
function of temperature in degrees Celsius for medium molec-
ular weight poly-4-BCMU.
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Figure 7. Comparison of a continuous compression (—) and a
stepwise compressional isotherm (O) for medium molecular weight
poly-4-BCMU.

Claperyon equation®®

dm, 67°)

AH (dT aT TAA @
gives AH = -3.1 kcal/mol and AS = -11.4 cal/deg:mol
at 19.0 °C.

The difference observed between a continuous com-
pression and a point by point stepwise isotherm of poly-
4-BCMU is shown in Figure 7. While the expanded states
are coincident, both the transition and condensed regions
show appreciable relaxation. The initial nucleation of
the condensed phase appears particularly difficult even
with extended point by point isotherm determination.
The slight exothermicity and entropy loss of the process
reflect the competition between the formation of the more
structured final form and the energy required to disrupt
the initial monolayer. The magnitudes of the AH and
AS values are consistent with the poly-4-BCMU red rod
being slightly less ordered than the poly-3-BCMU blue
rod form.? In a previous evaluation of these thermody-
namic quantities’ the transition appeared endothermic
when an uncorrected Clapeyron equation was used. This
emphasizes the significance of the dy°/dT term.
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Figure 8. Visible absorption spectra of single-layer LB films
of medium molecular weight poly-4-BCMU transferred at sur-
face pressures (dyn/cm) below and above the transition pres-
sure 7 (A) (x, = 1), (O); (m,, start of the transition); (O) (=,
end of the transition); (&) (x, + 1.5); (@) (=, + 5.0).

Visible absorption spectra of single-layer LB films of
medium weight poly-4-BCMU transferred at five points
along the isotherm are shown in Figure 8. Conversion
from the yellow coil to the red rod form on proceeding
from the expanded state through the transition to the
condensed state is clearly seen, together with the shift-
ing of the coil A,, from its initial value of 465 nm to its
final value of 485 nm. While medium MW poly-4-
BCMU behaves in a qualitatively similar fashion to high
MW poly-4-BCMU in terms of its 7—A isotherm, the
medium MW sample still shows greater percent conver-
sion to the red form on achieving a condensed state (r,
+ 5.0 dyn/cm). In addition, it shows greater conversion
than the low MW sample. One explanation is that a
broader distribution of chain lengths in the medium MW
sample may well lead to more packing defects in the tran-
sition state, thereby facilitating the formation of the rod
form in an upper layer. Thus the presence of shorter
chains among much longer ones would appear to greatly
ease the yellow to red transition of the latter with the
resultant red rod form being very similar to that formed
by the more uniform high MW form.

(d) Raman Spectroscopy. A Raman spectrum of poly-
4-BCMU LB film transferred on glass substrates within
the plateau region is shown in Figure 3A. Two strong
transitions were observed at 2115 and 1519 cm™. The
main features of poly-4-BCMU LB film spectra are not
substantially different from those of other poly-
diacetylenes.’? Therefore, we can tentatively assign the
poly-4-BCMU Raman vibrations at 2115 and 1519 cm™
to the polymer backbone stretching motions, »,(C=C),
and »,(C=C), respectively. Surprisingly for a diacety-
lenic polymer, the usually medium-intensity v, vibration
(in-plane deformation) at above 1200 cm™ did not show
up in poly-4-BCMU spectra. Instead we observed very
weak bands at 1075 and 1039 cm™. The Raman frequen-
cies reported here of a highly conjugated diacetylene poly-
mer (the absorption spectra indicate a rodlike, planar struc-
ture) are somewhat higher than observed for other diacet-
ylene polymers, for instance, poly-3-BCMU. Actually,
our data are much closer to the values of the yellow form
of the poly-3-BCMU in solution (v, at 2120 cm™ and Ve
at 1520 cm™) than to the blue solution (v, at 2084 cm™
and v, at 1460 cm™).2 This may well indicate the effect
of the number of methylene (-CH,~) groups on the molec-
ular structure.® In poly-4-BCMU, the formation of a
hydrogen bond network possibly distorts the (CH,), link-
age as well as the polymer chain. Such distortion can
decrease the conjugation length of the polymer chain, which
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Figure 9. (A) Laser Raman spectrum of medium molecular
weight poly-4-BCMU LB film transferred to a glass substrate
when the film was at the compressional end of the monolayer/
bilayer transition. The excitation wavelength was 532 nm with
a spectral band-pass of the monochromator of 6 cm™. (B) Laser
Raman spectra of a single bilayer film of poly-4-BCMU on a
glass substrate using exciting frequencies of 456.8 and 514.5 nm
and the spectrum of a monolayer of the same substance on a
glass waveguide.

in turn may result in a shift of Raman frequencies toward
higher values.

The spectra presented here were obtained with the inci-
dent laser energy coincident with the electronic states of
the red polymer form (532 nm). In such a case Raman
scattering is resonance enhanced and it is possible to detect
Raman signals from single molecular layers. Thus, if our
assumption of mixed yellow-red character for a bilayer
film from the region within the plateau is correct, by select-
ing a laser wavelength to coincide with the yellow phase
energy we should be able to monitor vibrational transi-
tions of the coil form of the polymer. Figure 9B depicts
the resonance Raman spectra of a single bilayer film of
poly-4-BCMU recorded for 456.8 and 514.5 nm exciting
laser frequencies (top right and left curves, respective-
ly). The corresponding v, bands are located at 1527 cm™
(456.8-nm laser line) and 1519 cm™ (514.5-nm laser line).
The bottom curve in Figure 9B represents the Raman
spectrum of a monolayer film of poly-4-BCMU trans-
ferred to a waveguide at an area/residue greater than
those of the 7—A isotherm plateau. As we mentioned
earlier, the electronic spectra of such films are charac-
teristic of the yellow polymer form, with an absorption
maximum at ~470 nm. Therefore, by turning the laser
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Figure 10. Transmission electron micrographs (magnification 67K) of (A) poly-4-BCMU and (B) poly-3-BCMU taken (a) in the

expanded monolayer region, (b) in the transition region, and (c) in the condensed bilayer region (12 dyn/cm). For comparative
purposes a blank (C) is included. The width of the rodlike domains in the transition region (80-150 A) provides a magnification

guide.

energy close to 470 nm we could obtain resonant enhance-
ment of the Raman-active vibration of the coil confor-
mation of poly-4-BCMU. In this case the C=C stretch-
ing mode occurs at 1532 cm™. Although this frequency
is higher (5 ecm™) than the corresponding one from the
bilayer (for the same excitation wavelength), one should
recall® the interaction energy between monomolecular lay-
ers of the polymer within the region of the plateau. Such
interactions may well alter the conformation of an ener-
getically unfavorable coil form to some degree, causing a
shift in the frequency of backbone vibrations.

In conclusion, our observations are consistent with a
monolayer-bilayer transition of a poly-4-BCMU LB film
on a water subphase. Thus they show that the bilayer
film of poly-4-BCMU is a mixed structure, consisting of
the polymer in both a coil and a rodlike conformation.
This conclusion has been further verified in additional
studies of poly-4-BCMU LB multilayers. These addi-
tional studies involved Raman scattering/surface plas-
mon wave spectroscopy and have been published else-
where.!!

(e) Transmission Electron Microscopy. Transmis-
sion electron microscopy (TEM) of monomolecular films
transferred to solid substrates can provide a detailed, well-
resolved image of the surface topography of such mono-
layers.'*!3 The results of such a study for both poly-4-
BCMU and poly-3-BCMU at four surface pressures are
shown in the micrographs in Figure 10. For films trans-
ferred in the expanded state, a uniform, smooth surface
texture is observed. Once into the transition region, how-

ever, distinct rodlike domains are clearly visible for both
polymers, those of poly-4-BCMU being less numerous but
better resolved than those of poly-3-BCMU. The approx-
imate dimensions of the domains are as follows: length,
8004000 A; width, 80-150 A; height, 10-30 A. The height
was calculated from the domain shadow width and the
known Pt shadowing angle.

Just beyond the end of the transition region, into the
condensed state, the domains appear much closer together
and with increasing surface pressure become increas-
ingly compact so as to give a surface that, while having
a rough texture, is also more uniform. Since the appear-
ance of the rodlike domains coincides with the appear-
ance of the red (blue) form in the visible absorption spec-
tra for poly-4-BCMU (poly-3-BCMU), in the transition
region and beyond, we interpret the domains to be intramo-
lecular, hydrogen-bonded, red rod (blue rod) conformers
and the surrounding film between domains to be amphi-
pathic yellow coil conformers.

(f) Solid Substrate Effects. The effect of a hydro-
phobic low-energy, alkylated glass surface in determin-
ing the conformation of adjacent poly-4-BCMU and poly-
3-BCMU monolayers was investigated by horizontally lift-
ing monomolecular films of these polymers onto such
substrates. It was found that this approach, rather than
a vertical lift, gave a near ideal deposition ratio with a
hydrophobic-hydrophobic contact. The visible absorp-
tion spectra of monolayers of both poly-4-BCMU and poly-
3-BCMU lifted onto alkylated glass substrates at pres-
sures approximately 1 dyn/cm below =, are shown in Fig-



822 Biegajski et al.

ABSORBANCE (A.U.)

L
400 500 600 700
WAVELENGTH (nm)

Figure 11. Visible adsorption spectra of monolayers (pretran-
sition region) transferred to hydrophobic, low-energy, alky-
lated glass surfaces of poly-4-BCMU (4) and poly-3-BCMU (D).
The corresponding spectra of these polymers obtained from films
transferred to hydrophilic glass supports are shown for compar-
ison: (A) poly-4-BCMU and (m) poly-3-BCMU.

ure 11. In the case of poly-4-BCMU the spectrum clearly
shows both the red form (525 nm) and a modified yel-
low form (465 — 485 nm), quite different from that in
Figure 8 for expanded-state poly-4-BCMU on hydro-
philic glass. Poly-3-BCMU shows a similar but differ-
ent trend toward a more ordered form in which the yel-
low coil is modified (475 — 490 nm) and there are peaks
at both 515 and 615 nm. For both polymers the hydro-
phobic, low-energy substrate clearly has a greater order-
ing effect upon the conjugated backbone conformation
than a hydrophilic, high-energy glass substrate. Inter-
estingly, TEM examination of expanded-state monolay-
ers of poly-4-BCMU and poly-3-BCMU lifted onto hydro-
phobic substrates showed only a smooth, uniform sur-
face very similar to that obtained by using hydrophilic
(mica) substrates. The induced partial coil to rod con-
version brought about via hydrophobic substrates appar-
ently is not accompanied by significant displacement of
film molecules from their two-dimensional array, such
as is the case for a surface pressure induced transition
(i.e., compression to less than 100 A2/residue).

(g) Aqueous Subphase Effects. The repeat units
of BCMU polymers include two side groups, each of which
has a urethane linkage (-OC(OQ)NH-) and an ester group,
which together make up the hydrophilic polar group. Poly-
peptides also consist of repeat units that include ure-
thane linkages, here composing the backbone of the poly-
mer rather than the side groups. Both types of poly-
mers, however, share the fact that hydrogen bonding
involving urethane groups plays a key role in determin-
ing the conformation of the polymer backbone. It has
been shown that both pH changes and the presence of
ions such as Ca** can have a significant effect upon the
nature of hydrogen bonding in monolayers of biological
systems and in particular monolayers of poly-
peptides.!#'® Therefore the effects of both increased pH
(5.6 — 12.5) and Ca®* ion content (10 M CaCl,) of the
water subphase on the m—A isotherms of poly-4-BCMU
and poly-3-BCMU were investigated. The results are
shown in Figure 12.

The effect of increased pH alone is seen to expand the
entire poly-4-BCMU isotherm, while expanding only the
condensed state of poly-3-BCMU but with a slight con-
densing effect on its expanded state. The transition pres-
sure of both polymers was raised by about 1 dyn/cm.
Adding CaCl, to the strongly basic subphase is seen to
dramatically condense both polymers’ expanded and con-
densed states while leaving their transition pressures essen-
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Figure 12. Aqueous subphase effects on the surface pressure/
area per residue isotherms of poly-4-BCMU and poly-3-
BCMU. The effect of increasing pH (12.5) on poly-4-BCMU
(a) and poly-3-BCMU (0). The effect of increased pH (12.5)
and added Ca?* (1072 M CaCl,) on poly-4-BCMU (a) and poly-
3-BCMU (®). The isotherms of both polymers on a neutral
aqueous subphase (pH 5.6) are shown for comparison: poly-4-
BCMU (4) and poly-3-BCMU (9).
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Figure 13. Possible mechanisms to explain the effects of increas-
ing pH and added Ca®" on poly-3-BCMU and poly-4-BCMU.
Scheme a, ionization alone; scheme b, hydrolysis alone.

tially unaffected. These results can be rationalized in
terms of the polar groups’ reactivity toward ionization
and hydrolysis in alkaline media, followed by their attrac-
tion toward a doubly charged cation such as Ca%*. Fig-
ure 13 shows two proposed ionization and hydrolysis prod-
ucts of the BCMU side groups. In scheme a, ionization
by abstraction of one proton results in a negatively charged
side group having the same chain length as the union-
ized form. This would therefore result in a mutual repul-
sion between ionized side groups and could explain the
overall expansion effect seen for poly-4-BCMU at pH 12.5.
Scheme b, however, involving hydrolysis of the end ester
group, would both negatively charge and shorten the length
of the side group, which may explain the net condensa-
tion of poly-3-BCMU’s expanded state. Since the
expanded state of poly-3-BCMU is thought to be more
convoluted and to penetrate the subphase more than that
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Figure 14. Surface pressure versus area per residue isotherms
at 24 °C on 3.0 M NaCl aqueous subphases of poly-3-BCMU
(A) and poly-4-BCMU (D).

of poly-4-BCMU,? the greater accessibility of poly-3-
BCMU'’s polar groups to subphase ions could favor hydrol-
ysis (scheme b) in preference or, more likely, in addition
to ionization (scheme a). Poly-4-BCMU’s more interfa-
cially located polar groups may disfavor hydrolysis over
simple proton abstraction, leading to ionization alone or
at least a predominance of ionization. The increased tran-
sition pressure of both polymers can be seen as being
due to an increased polymer—subphase interaction because
of the charging of the side groups.

The large condensation of both polymers by the addi-
tion of Ca?* is clearly due to the ability of a doubly charged
cation to attract two single negative charges, thereby pull-
ing together side groups from either the same or differ-
ent repeat units along the polymer chain. A comparison
of the decreased area per residue of the transition onset
of both polymers shows that each polymer exhibits an
approximately 20% condensation on a pH 12.5, Ca?* =
107 M subphase when compared to a similar film on a
substrate of pure water (pH 5.6).

While the effect of the ionic strength (i.e., NaCl) of
the subphase can already be seen in the determination
of the MW of high and low MW poly-4-BCMU samples,
its effect upon the entire isotherm of medium MW poly-
4-BCMU and poly-3-BCMU samples is also of interest.
The mA isotherms of poly-4-BCMU and poly-3-BCMU
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on a 3.0 M NaCl subphase at 24 °C are shown in Figure
14. While both polymers independently show expan-
sion and increased transition pressures when compared
to identical films on pure water,? it can be seen that, on
a 3 M salt subphase, both expanded and condensed regions
of the m—A isotherms of both polymers are approxi-
mately coincident. This gives weight to our prediction
that there is greater subphase penetration in the case of
poly-3-BCMU than there is for poly-4-BCMU, since exclu-
sion of polymer segments from the salt subphase and their
relocation at the air/water interface should then give
expanded and condensed regions of the =—A isotherms
that are nearly identical for both polymers. That the
trangition region pressures are different is presumably
due to persistent slight differences in behavior of the two
polymers and to the high sensitivity of such transitions
to minor differences between the polymers. Clearly the
subphase composition can have significant effects on the
interfacial conformation of poly-3-BCMU and poly-4-
BCMU monolayers at the air/water interface.
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