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This paper describes the use of photoacoustic calorimetry
(PAC)r  to  character ize ac id-base equi l ib r ia  invo lv ing organic
chromophores covalent ly  a t tached at  the in terphase between
sur face- funct iona l ized po lyethy lene (PE)  f i lm2 '3  and water .  We
use proton transfer reactions to define the polari ty '  and solvating
capabil i ty of the interphase between organic surfaces and water.a
Characterizing these physical-organic propert ies of interphases
is dif f icult :  l ight scattering at interfaces (especial ly rctugh in-
terfaces) complicates many UV-vis absorption and f luorescence
methods; infrared spectroscopy cannot be applied routinely to
systems invo lv ing water ;  thermometr ic  and conductometr ic
methods are insensit ive for sol ids having low surface areas. The
measurement of the contact angle of buffered water on surfaces
as a funct ion o f  pH-"contact  ang le  t i t ra t ion"-y ie lds va luable
information about acid-base equilibria,3 but depends on unverified
assumpt ions.5
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Table L Exper imental  Values of  pK172 and pKu for  Organic
Funct ional  Groups in Aqueous Solut ibn and at  a Polyethylene-Water
I nterfaceo
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RNH(CH2) rNH-dansy l  0 .56  +  0 .1 I
RNH(CH2)rNH-dansy l  1 .2  * .  0 ,2 '
RNHC6HT-3-NO2-6-OH 9.3 + 0 .1
RNHNHCOC6H4-4-OH 12.4 + 0 .2

3 3.52 *  0 .03.  2
3 3.57 *  0 .09.  2
3  7 .00  +  0 .10d  2
3 8.29 *  0 .30 3

oAqueous solut ions oi HCI and NaOH were used to vary the pH
during these acid-base t i trat ions. The addit ion of these trace amounts
of acid or base themselves cause no change in the PAC signal other
than that due to degree of protonation of the substrate. The errors
l isted are I standard deviat ion of the number of independent experi-
ments indicated by n. DAll  f i lms were prepared from PE-CO-CI as
described in rei 8. A fresh f i lm was prepared for each measurement.
Any acid chloride functional i ty that was not converted to the appro-
priate amide is hydrolyzed during the synthetic workup. .See refs 8
and 13 for previous estimates of these values. dThe pK" of R =
COCH3,  as determined by PAC.  is  6 .02 + 0 .03 (n  = 2 \ .

We have used as substrates for this work surface-oxidized
polyethylene f i lms (p = 0.92 glmL,l00 pm thick; pretreated to
remove addi t ives)  to  which were covalent ly  a t tached l - (d i -
methylamino)naphthalene-5-sulfonyl (dansyl) or phenolic groups
(Table  I ) .6  These funct iona l ized po lyethy lene f i lms were sus-
pended in water in a standard UV-vis cuvette and irradiated with
a low-energy,  unfocused l ight  pu lse f rom a n i t rogen laser  (337.1
nm; ca.  l0  pJ/pu lse:  2-mm-diameter  spot ) .7  The photoacousr ic
signal generated from each of the four films exhibited an excellent
signal-to-noise ratio (Figure l). Control experiments established
that these PAC signals were due to the attached organic func-
t ional i ty and that each system was stable to irradiat ion: ( i)  Both
unfunction alized (PE-H) and oxidized (PE-COrH) polyethylene
fi lms gave weak, pH-independent PAC signals. ( i i )  The func-
t ional ized polyethylene f i lms that gave strong, pH-dependent
signals showed contact angle t i trat ion behavior consistcnt with
that reported earl ier,s ( i i i )  The intensity of the PAC signal from
a functional ized f i lm at constant pH was l inearly proport ional to
laser energy.T'e ( iv) The PAC signal remained invariant over long
periods of t ime at f ixed pH, indicating that no solvolyt ic chemistrr
occurred. (v) Extended irradiat ion had no effect on the pAC
signal, implying that no beam damage occurred. (vi) Upon re-
moval of the films from the cuvette, no PAC signal was detected
in  the aqueous so lu t ion.

The changes in the PAC signal as a function of the degree of
protonation are due to changes both in the heat release quantum
yield,/ . , ,  and in the extinct ion coeff icient of the protonated/de-
protonated substrates. For example, the dansyl moiety has an
extinct ion coeff icient of -4000 M-r cm-r at 337.1 nm while the
protonated dansy l  moiety  has a va lue of  -200 M- l  cm-I .10 In
addition, the fluorescence quantum yields of these two species are
quite dif ferent. The pH t i trat ion data generated in these pAC
experiments were readi ly f i t  by a standard pK. t i trat ion expres-
sion.rr The similar qual i ty of the f i t  for the dita from the ir lms
and from solut ion suggests that the PAC experiment samples a
single populat ion of functional groups in the interphase.

. The value of pKr12-the solution pH at which the surface
ionization of a functional group in the interphase appeared to be
half complete-differed from the value of pK. for that group in
homogeneous solut ion in the direct ion predicted i f  one issumes
it is more dif f icult  to create a charge in the interphase than in
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Figure l. Acid-base titration curves for the molecules and polyethylene
films indicated. The solid lines are the calculated titration curyes.r' S I Eo
refers to the observed PAC signal normalized to laser energy and is based
on the basic PAC equation. S = KfofL(l - l0-/). Inset A: Photoacoustic
waves at pH = I I  5 (- -  -) and pH = 0.3 (-) for the dansyl f i lm shown,
and for dist i l led water (--).  Inset B: Photoacoustic waves at pH = 10.0
( - - - )  and pt l  =  0 .8  ( - )  io r  the dansy l  der ivat ive in  homogeneous so lu-
t ion.  and ior  d is t i l led water  ( - - ) .  For  both insets ,  the hatched area
indicates the *integration- pe rformed to obtain S, the experimental value
of  thc  photoacoust ic  s igna l .

so lu r i on . :  r '  T -hc  n ragn i rude  o f  t hese  sh i f t s  ( 2 .3 -4 ,1  pH  un i t s )
is consistent with a prei'ious characterization of a PE-dansyl-water
interphase as hav' ing an effect ive dielectr ic constant e lu 9.8 For
al l  functional izcd f i lms examined, the fract ional change in the
ampli tude of the PAC signal for the functional ized f i lms on going
from low- to high-pH asymptotes was consistently smaller than
that for the same chromophore in solution (Figure l). Experiments
are in progress to define the cause of the changes in relat ive
ampl i tudes.

Our results demonstrate that PAC is a simple and sensit ive
method to quantify acid-base equilibria at the interface between
polyethylene f i lm and water. This photoacoustic technique has
the advantages that it is insensitive to scattering of light from the
interface and is easi ly appl icable to systems in which water is the
l iquid phase. For PAC to be useful as a technique for charac-
terization of interphases, the signal due to molecules at the in-
terphase must be large compared to that arising from bulk sol id
or l iquid phases. The chromophore used to label the interphase
and to characterize the degree of ionization should therefore have
a high extinction coefficient relative to that of the solid and liquid
phases. The system used here-with optical ly transparent poly-
ethylene and water as the two phases and strongly absorbing
funct iona l  groups at tached at  the po lyethy lene-water
interphase-takes advantage of one of the strengths of photoa-
coustic spectroscopy: the abi l i ty to detect very weak absorption
against a near-zero background.l2
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We bel ieve that  PAC has the character is r ics  to  be a h igh ly
useful tool for studying interphases between optical ly transparent
solid and liquid phases, provided that an appropriate reporter group
wi th  a  su i tab le  ext inc t ion coef f ic ient  can be loca l ized in  thar
env i ronmcn t .
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