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Abstract: In solution, the ion-binding characteristics of crown ethers and macromolecules containing macrocyclic ether moieties 
have been studied extensively. These ionophores are finding application in membranes, thin film sensors, and ion-selective 
electrodes. In these devices, interfacial binding equilibria are most pertinent. This paper presents the results of a detailed 
analysis of the pressure vs. area behavior of Langmuir films of poly(4'-vinylbenzo-18-crown-6), P18C6, spread on pure water 
and aqueous solutions of alkali metal salts. Our results show that the compression isotherms can be quantitatively related 
to the nature of the cation in the subphase and its concentration. At the air-water interface, the polymer is in a highly extended 
conformation and cooperative binding between proximate crown ether groups is precluded. Accordingly, the affinity of the 
polymer for Li+, Na+ , K+, Rb+ , and Cs+ at the air-solution interface mirrors that of the monomeric analogue, benzo-18-crown-6, 
in solution and is inverse to that of P18C6 in solution. Equilibrium binding constants for complexation of P18C6 to K+ at 
the air-water interface are comparable to those for binding of P18C6 to K+ in aqueous solution. 

In the past decade, the binding of ions by macrocyclic polyethers 
has been a subject of intense interest with studies of the relationship 
between structure and binding being most prevalent.1"4 Smid 
et al. have demonstrated that macromolecules bearing macrocyclic 
ether pendant groups strongly bind ions of different size, including 
ions whose ionic radii exceed the size of the polyether cavity.5,6 

The differences in the binding characteristics of polyvinyl ma-
crocylic polyethers) and their monomeric analogues arise from 
the possibility of cooperative binding between proximate crown 
residues on the polymer chain. Ionophoric polymers of this type 
are being examined in thin film sensors,7 transducers,8 ion-ex­
change membranes,910 and ion-selective electrodes11 and as solid 
electrolytes12 Their utility in these systems is a function of their 
interfacial binding characteristics. 

This paper presents the results of a detailed study of the alkali 
metal cation binding characteristics of a monolayer of macro­
molecules with pendant crown ether groups. The pressure area, 
IT vs. A, behavior of polymers which spread at the air-water 
interface is described in the early work of Crisp.13 Ter-Minas-
sian-Saraga et al. have described the monolayer characteristics 
of polyacids14 and polysoaps" and the effect of counterion binding 
on monolayer characteristics in these systems. The T VS. A be­
havior of nonionic polymers spread on an aqueous subphase 
containing specific metal ions, however, has only recently received 
attention.16 Poly(4'-vinylbenzo-18-crown-6), P18C6, was chosen 
for our monolayer experiments because certain features of its 
binding of alkali metal cations, in solution, have been described 
in the literature.5,61718 The present studies were carried out in 
Langmuir films at the air-water interface by spreading P18C6 
on pure water and on 0.1 M solutions of alkali metal chlorides 
(LiCl, NaCl, RbCl, and CsCl). Compression isotherms were also 
determined on aqueous solutions of KCl as a function of salt 
concentration in the range 0.01-1.0 M. In parallel with this work, 
extensive studies of the binding of ions to Pl 8C6 in homogeneous 
solutions have been carried out. While information pertinent to 
this discussion will be presented here, the study of binding in 
homogeneous solution will be reported separately.19 

Experimental Section 

P18C6 was synthesized from its monomeric precursor, (4'-vinyl-
benzo-18-crown-6),5 by standard free-radical polymerization techniques 
(sealed glass ampoules, benzene, azobisisobutyronitrile). The resulting 
polymer had an intrinsic viscosity of 0.25 dL/g in benzene at 25 0C. Size 
exclusion chromatography gave styrene equivalent molecular weights: 
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Table I. Extraction of Metal Picrate Salts by Crown Ethers" 

% M+ picrate extracted by 

M+ 18-crown-6 P18C6 

Li &A 9̂ 5 
Na 19 29 
K 93 90 
Rb 90 93 
Cs 71 100 

"See text for experimental conditions. 

Mw = 39 900; Mn = 30900; polydispersity = 1.29 (solvent: DMF, col­
umns: three ASI m Styragel-linear mixed bed, ASI Analytical Services, 
Santa Clara, CA). 

Extraction experiments were carried out at 25 ± 0.5 0C in a fashion 
similar to that described by others1,5 using an aqueous phase containing 
0.1 M M+OH" (M = Li, Na, K, Rb, Cs) with 5.7 X lO - 5 M picric acid 
and an organic phase of methylene chloride with 2.85 x 10"4M crown 
ether units. Percent picrate salt extracted into the organic phase was 
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Figure 1. Compression isotherm (20 0C) for P18C6 spread on pure 
water. Film was spread at 200 A2/residue and compressed at a rate of 
13 A2/(residue-min). 

determined spectrophotometrically. 
Monolayer films of P18C6 were spread at 20.0 ± 0.1 0C from chlo­

roform solution [0.2 mg/mL, CHCl3, MCB Omnisolv (stabilized with 
pentene) redistilled from K2CO3 under an N2 atmosphere and stored in 
the dark] onto an aqueous subphase in a Lauda film balance equipped 
with a solid Teflon trough. Salts added to the subphase were LiCl, NaCl, 
KCl (Baker); and RbCl and CsCl (Alfa, ultrapure). Water purification 
and other experimental procedures were essentially the same as those 
used by Arnett et al.20 Films of P18C6 on water or salt solution are 
stable and the compression isotherms are reversible, provided the film is 
not compressed beyond the equilibrium collapse pressure. If compressed 
to such an extent, the IT vs. A isotherms exhibit marked hysteresis. 

Results and Discussion 
In picrate extraction experiments, P18C6 binds alkali metal 

cations in the order Cs+ > Rb+ > K+ » Na+ > Li+. This ordering 
differs from that of monomeric 18-crown-6. Table I presents the 
data which we have taken for extraction of aqueous metal picrate 
salts into methylene chloride containing P18C6 or 18-crown-6. 
The monomeric crown extracts relatively small amounts of the 
Li+ and Na+ picrate salts and a maximum of 93% extraction of 
K+ picrate. Percent extraction of Rb+ and Cs+ picrates are lower 
than that for the potassium salt. In contrast, P18C6 extracts Rb+ 

and Cs+ picrates even more efficiently than it does K+ picrate, 
reaching 100% extraction of Cs+ picrate. This is presumably 
because the polymer's crown ether pendant groups can form 2:1, 
crown to cation, "sandwich" complexes in addition to the 1:1 
complexes formed by isolated crown units. These results are 
similar to those reported by other workers who have studied the 
binding characteristics of polymers bearing pendant crown ether 
groups.''5'21,22 

Compression isotherms for P18C6 spread on pure water solu­
tions are shown in Figure 1. The behavior of polymer films at 
the air-water interface differs markedly from that of long-chain 
surfactants (e.g., stearic acid). Surfactants bearing one polar 
headgroup and one or two long hydrocarbon tails orient when 
compressed to form structures resembling two-dimensional crystals 
which can support relatively high surface pressures (ir > 30 
mN/m). On pure water P18C6 spreads to form an expanded film 
with IT vs. A behavior similar to that described by Crisp'3 for polar 
polymers which spread to form monolayers at the air-water in­
terface. The isotherm exhibits two transitions, one at about 40 
A2/residue and one at 20 A2/residue. As the polymer film is 
compressed, the surface pressure rises to ~12 mN/m at about 
40 A2/residue, goes through an inflection, rises again, and at 20 
A2/residue the surface pressure plateaus at ~21 mN/m. This 
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Figure 2. Compression isotherms (20 0C) for P18C6 spread on pure 
water () and subphases containing 0.1 M M+Cl" (M = Li (---), Na (O 
O O), K(OO D), Rb (• • •) and Cs (• • •)) . Films were spread at 
200 A2/residue and compressed at a rate of 13 A2/(residue-min). 

Table II. Pressure and Area of Plateau Onset during Compression of 
Poly(4'-vinylbenzo-18-crown-6) Monolayers Spread on 0.1 M M+Cl" 
Solutions (T = 20 0C, pH 5.6-5.8) 

M+ 

none 
Li 
Na 
K 
Rb 
Cs 

w (mN-m ') 

17.5 
18.0 
13.7 
11.4 
13.0 
14.3 

A (A2/residue) 

20.0 
20.5 
37.0 
43.5 
43.0 
42.0 

final plateau occurs at the equilibrium collapse pressure of the 
film, i.e., the surface pressure at which the film is in equilibrium 
with the subsurface bulk phase.23 In the region of the isotherm 
where the surface pressure is rising nearly linearly (A = 70-40 
A2), the pressure is due to repulsion between macromolecules. We 
postulate that the inflection arises from conformational transitions 
wherein the highly expanded macromolecule becomes more 
compact as pendant crown moieties are forced off the water 
surface. Long-chain a,w hydroxy acids are bifunctional surface 
active molecules which exhibit similar inflections upon com­
pression. The conformation of the molecule is initially bent, as 
in a hairpin, with both hydroxyl and carboxyl ends at the interface. 
Upon compression, the more weakly bound hydroxyl group is 
removed from the surface and a close packed array of fully ex­
tended molecules is formed.24 Isotherms for Pl 8C6 on pure water 
and on 0.1 M LiCl are similar (see Figure 2); this might be 
expected since Li+ does not bind strongly to the 18-crown-6 cavity. 

When larger alkali metal cations (Na+, K+, Rb+, Cs+) are 
added to the subphase, profound changes in the TT VS. A behavior 
of P18C6 are observed. These compression isotherms show a single 
transition at the equilibrium collapse pressure of the film. 

The order of the collapse pressure of the films (Li+ » Na+ ~ 
Cs+ > Rb+ > K+) is reminiscent of the sequence observed in the 
binding of alkali metal ions to 18-crown-6 and is suggestive of 
a correlation between the ion-binding properties of P18C6 as 
determined by extraction (Table I) and the equilibrium collapse 
pressure of the film. Table II summarizes the collapse pressure 
and area data. When a cation is complexed with the crown ether 
ring the polymer becomes more water soluble. Given that this 
is the case, it would be expected that the surface pressure at which 

(23) Gaines, G. L., Jr. Insoluble Monolayers at Liquid/Gas Interfaces; 
Interscience: New York, 1966; pp 281-300. 
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63, 452. 
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Figure 3. Alkali metal cation binding behavior of Pl 8C6 in solution (•) 
as a function of percent metal picrate extracted (see text) and at the 
air-water interface (D) as a function of the surface pressure at which the 
plateau region begins during film compression. Also shown are the metal 
picrate extraction data for 18-crown-6 (O). 

the film is in equilibrium with a subsurface bulk phase would be 
a function of the degree of complexation of the film. The data 
show that the collapse pressure goes through a clear minimum 
for a 0.1 M KCl subphase, and the plateau onset area increases 
when cations larger than lithium are present in the subphase. 
There is then a significant difference between the binding behavior 
of P18C6 in solution and at the air-water interface. While P18C6 
in CH2Cl2 is able to extract Rb+ and Cs+ picrates from aqueous 
solution more efficiently than K+ picrate, a film of P18C6 at the 
air-water interface appears to bind K+ most strongly. 

The data in Tables I and II are depicted in Figure 3 which 
graphically illustrates the relationship between the collapse 
pressure of the P18C6 monolayer and the selectivity of P18C6 
toward Li+, Na+, K+, Rb+, and Cs+ as determined by picrate 
extraction. This correlation suggests that, at the air-water in­
terface, P18C6 does not bind larger alkali metal ions, Cs+ and 
Rb+, in a sandwich mode involving two crown moieties per metal 
ion. At the air-water interface, the conformation of the polymer 
is highly extended and crown moieties are likely to be oriented 
parallel to the water surface. Such a conformation will disfavor 
the sandwich orientations which facilitate formation of the 2:1 
complex assumed to be necessary for efficient binding of Cs+ and 
Rb+ to the 18-crown-6 cavity of P18C6 in solution. 

If the collapse pressure of films of Pl 8C6 on solutions of alkali 
metal cations is indeed related to binding, then the collapse 
pressure should vary as a function of the concentration of ions 
in the subphase. One might even expect that two-dimensional 
binding constants could be obtained. In an effort to investigate 
these possibilities, compression isotherms for P18C6 on K+Cl -

subphases of varying concentration were obtained (see Figure 4). 
Compression isotherms of P18C6 spread on K+Cr at 0.01-1.0 

M show a single transition at the equilibrium collapse pressure 
of the films. This collapse pressure appears to decrease expo­
nentially with the [K+] iri the subphase and is linearized in a 
semilog plot (see Figure 5). 

Assuming that the decrease in collapse pressure in directly 
related to the fraction of crown residues bound, 1 - a, where a 
= fraction of free crown residues, equilibrium constants can be 
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Figure 4. Compression isotherms (20 0C) for P18C6 spread on pure 
water () and water of increasing K+ ion concentration: [K+ = 0.025 M 
(•-), 0.050 M (••-), 0.10 M (•••), 0.20M (•--•). 0.30 M (-••-), 1.0 M 
(--). Films were spread at 200 A2/residue and compressed at a rate of 
13 A2/(residue-min). 
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Figure 5. Variation of collapse pressure with [K+] in the subphase. 

Table III. Binding Constants at the Air-Water Interface" 
collapse pressure 

ft, m N / m 

13.0 
12.1 
11.8 
11.3 
10.1 
9.2 
7.8 

[K+], M 

0.025 
0.050 
0.075 
0.100 
0.200 
0.300 
1.0 

a 

0.78 
0.64 
0.60 
0.52 
0.34 
0.21 
0 

Kx, NT' 

11.3 
11.2 
8.9 
9.2 
9.7 

12.5 

'K1 = (1 -a)/a[K+]. 1 at 14.5 mN/m. 

evaluated at each subphase concentration. In making this cal­
culation, we have arbitrarily taken the transition pressure at [K+] 
= 10-5 M as the collapse pressure at which a = 1. Similarly, a 
is assumed to be 0 at [K+] = 1.0 M in the subphase. The value 
of a at [K+] = 0.025, 0.050, 0.075, 0.10, 0.20, and 0.30 M is 
simply calculated from the ratio of the collapse pressure at any 
given [K+] to that at 10"5 M, 14.5 mN/m. Since the volume of 
the subphase solution is large, the concentration of K+ in the 
subphase is not significantly depleted by binding to the monolayer. 
The two-dimensional binding constant is, thus, calculated on the 
basis of the equilibrium 

K1=O- a)/a[K+] 

The values obtained average 10.5 M"1, with a standard deviation 
of 12.4%. This value compares with a K1 value of 18.5 M"1 for 
binding of K+ to P18C6 in water.19 Table III summarizes the 
data. 

We have, thus, examined the it vs. A behavior of P18C6 on 
water, 0.1 M alkali metal salts, and 0.01-1 M K+Cl-. Our results 
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show that the compression isotherms can be quantitatively related 
to the nature of the cation in the subphase and its concentration. 
At the air-water interface, the polymer is in a highly extended 
conformation, and cooperative binding between proximate crown 
ether groups is precluded. Accordingly, the binding characteristics 
of the polymer at the air-water interface mirrors that of the 
monomer benzo-18-crown-6 in solution and differs dramatically 

from that of P18C6 in solution. 
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Abstract: Excited-state distortions of W(CO)5(pyridine) and W(CO)5(piperidine) are calculated from emission spectra and 
preresonance Raman spectra by using the time-dependent theory of molecular spectroscopy. The time-dependent theory is 
described and the connections between electronic spectra and preresonance Raman spectra are discussed. The 10 K emission 
spectra and the preresonance Raman spectra of the two compounds are reported. Vibronic structure is observed in the spectra 
of both compounds. The crystal structure and the ground-state bond lengths are reported for W(CO)5(pyridine). The excited-state 
distortions along 18 normal vibrational modes are calculated by using the combination of electronic spectroscopy, Raman 
spectroscopy, and time-dependent theory. The emission spectra are calculated from the preresonance Raman-determined intensities. 
The largest excited-state distortions are those which occur along the molecular axis containing the nitrogen donor ligand. These 
distortions are associated with the increase in antibonding along this axis caused by increased dr2 c antibonding in the excited 
state. In the case of W(CO)5(pyridine), the W-N bond is lengthened by 0.18 A, and the W-C bond trans to the pyridine 
is lengthened by 0.12 A. The cis W-C bonds are only lengthened by 0.04 A. The connections between the excited-state bond-length 
distortions and the photochemical reactivity of the molecules are discussed. The vibronic bands in the luminescence spectra 
of both molecules exhibit a new effect, the "missing mode effect" or MIME effect. Ground-state vibrational frequencies 
corresponding to the observed regularly spaced vibronic features in the emission spectra are missing. The origin of the MIME 
effect is explained. 

The electronic emission and absorption spectra of large or-
ganometallic molecules in condensed media typically contain broad 
featureless bands. Spectra of these molecules at low temperatures 
sometimes reveal vibronic structure, but the individual vibronic 
components are usually not well-resolved. Instrumental resolution 
in these experiments is usually several orders of magnitude greater 
than the resolution seen in the spectrum. A typical example, that 
of the emission and absorption spectra of W(CO)5(pyridine) at 
10 K, is shown in Figure 1. 

The information contained in the intensities and spacings of 
vibronic components of electronic spectra is important for un­
derstanding the properties of the excited and ground electronic 
states. Of particular interest in many spectroscopic and photo­
chemical studies are the distortions the molecule undergoes upon 
electronic excitation.1 However, detailed determination of ex­
cited-state structure via a Franck-Condon analysis, for example, 
is only possible when highly resolved spectra are available.2"9 

Detailed calculations of excited-state distortions and structures 
and an intuitive understanding of the meaning of band widths and 
poorly resolved vibronic features are obtainable from the newly 
developed time-dependent theory of molecular spectroscopy.10"12 

In this theory, each vibrational degree of freedom and its dis­
placement are explicitly considered. The theory connects 
preresonance Raman spectrsocopy, electronic absorption and 
emission spectroscopy, and geometry changes between the ground 
and excited electronic states. It has been applied to a limited 
number of transition metal and organic systems.13"17 
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The purpose of this paper is to combine preresonance Raman 
spectroscopy, which contains information complementary to 
electronic spectra, with the absorption and emission spectra to 
provide a detailed understanding of the excited-state distortions 
along the multidimensional excited-state potential surface. A new 
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