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C—H to O Hydrogen Bonding: The Attractive
Interaction in the Blend between Polystyrene and
Poly(vinyl methyl ether) ppm ]

4

Mark M. Green,* -t Jeffery L. White,* * Peter Mirau,® and &
N
A4

(@)

Meir H. Scheinfeld®

Department of Chemistry and Chemical Biology and the
Herman F. Mark Polymer Research Institute, Polytechnic
University, Brooklyn, New York 11210; Department of

Chemistry, Oklahoma State Useisity, Stillwater, Oklahoma 10

74078; and 2941 Hobson Way, BLDG 654, Wright-Patterson 1'0 5'_) 'm

AFB, Ohio 45433-7750 PP

Receied June 20, 2006 ®) /\./\/\

Revised Manuscript Receed July 7, 2006 ppm ] .
While low-molecular-weight liquids are miscible with each -

other even when the mixing is endothermic, polymers frequently
do not mix, even when they have very similar structures, arising

from the fact that mixing of long chain molecules involves a /\ A
negligible change of entropy. The lower critical solution \O/ \yv
temperature exhibited by the blend of polystyrene (PS) and poly-

(vinyl methyl ether) (PVME) demonstrates an exothermic 10+

mixing of these polymers. The source of this exotherm, which 10 5 m
accounts for the compatibility of the blend of PS and PVME, PP

which has long been of interest, is shown here to involve a Figure 1. 2D MAS exchange plots for a solid PS/PVME blend,
k C.H to O hvd borid bet th i acquired with a 29 kHz MAS frequency. The blend was prepared at
wea 0 ydrogen bond between € aromatiC  oqyimolar monomer ratio by casting a film from the homogeneously

hydrogens on the PS and the oxygen of the PVME. mixed solution in toluene. Iffa), the mixing time is 0 ms, and itb),
NMR studies carried out more than 20 years ago first in the 10 ms. Following solvent evaporation, the film was dried in a vacuum

solid-state blen®® and then in concentrated solution of PS and Oﬁenhat%(soolc for 3 dayS-tTh? %atShed |inetd?£0tes tthe pOStirt]ior; from
3—5 . . whnic € slices were extracted 10 generate-tepectra on the top

PVME*"> suggested a correlation between the aromatic meta ¢’ ol plot.

and para hydrogens in PS and the methyl hydrogens in PVME.

Here we report new NMR data for the PS/PVME blend in the contour p|ot in Figure 1. Compared to the exchange data

solid state, which fully confirms specific interactions between previously publishetfor this blend, the MAS frequency during
the aromatic hydrogens of PS and the methoxyl group of the the polarization transfer period for the data in Figure 1 is an
blended PVME, and as well solid-state NMR data using order of magnitude larger (29 kHz vs 2.8 kHz), and the exchange
regiospecifically monodeuterated PS, allowing comparison mixing time is an order of magnitude shorter (10 ms vs 100
among ortho, meta, and para hydrogens in the PS blended withms). Since the homogeneous proton line width is preserved at
PVME. the lower 2.8 kHz spinning speed, resulting in the maximum
Figure 1 shows a two-dimensional (2D) solid-state NMR  gyerlap integral for zero-quantum energy transfer, spin diffusion
exchange experiment for a PS/PVME blend prepared from js extremely efficient in transferring polarization over large
toluene by solution casting in the standard way. The experiment gistances quickly.At the much higher spinning speed of 29
is the standard three-pulse exchange sequence of the bulk solidkHz used for Figure 1, the static dipolar interaction through
state blend undergoing magic-angle spinning (MAS) with an the energy-conserving zero-quantum spin flips is greatly at-
unusually high rotation rate of 29 kHz. Such high speeds have tenuated, as demonstrated by the near-solution-like spectrum
not been used to inVeStigate the PS/PVME blend, aIIOWing SomEOf three well-resolved peaks_ However’ even at 29 kHz MAS
relatively important distinctions compared to the previous Work.  the ortho, meta, and para hydrogens could not be distinguished,
Figure 1a shows the expected autocorrelation diagonal, with 3 distinction gained in another way as shown below. Polarization
no cross-peaks, for the casefwit 0 smixing time. In contrast,  propagates via spin diffusion, albeit more slowly due to the
strong interchain cross-peaks connecting the PS aromatic ringmuch smaller overlap integral, and this gives rise to the cross-
hydrogens at ca. 7 ppm to the PYME methoxyl group hydrogens peaks connecting the PS aromatic ring and the PVME methoxyl
at 3.2 ppm are evident after 10 ms (Figure 1b) of polarization group in Figure 1b after only 10 ms, indicative of intimate
transfer, indicating the close proximity of these two functional arrangement of these polymer segments.
groups. Control experiments indicate that at least 15 kHz of The early NMR resulfs® pointing to the meta and para
MAS is required to transform the homogeneous proton line hydrogens rather than the ortho hydrogens as predominating
width for the solid blend (i.e., a single broad peak) to the for the interaction with PVME were taken in concentrated
resolved spectra similar to those shown on the top of each so|ution, which is necessary to gain the resolution to distinguish
these hydrogens. The critical importance of this finding
lPontechnic University. stimulated our synthesis of specifically monodeuterated ortho,
§%ﬁhﬂ?&gﬁaﬁaﬂn'Vers'ty' meta, and para polystyrefieSuch selectively labeled blends
* Corresponding authors. E-mail: mgreen@duke.poly.edu; jeffwhite@ (50% monodeuterated-PS:50% PVME) are amenable to the
okstate.edu. previously described solid-statel—13C NOE experiments for
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03Q T T participation in the &H to O hydrogen bonding increases in
[ A ] moving from s to s hybridization of the carbon to which
0.25 ] the hydrogen is bonded so that weak hydrogen bonds, hardly
3 ] perceptible from aliphatic carbon, are found for aromatic bound
020 = p carbont®*” This hybridization dependence is in line with the
NOE ; ] observations on deuteration of the polystyrene where only
[ ° ] deuterium substitution of the aromatic hydrogens affects the
015 ] blend propertied!13
i ] The solvent dependence of the blend is especially revealing
0.10- 7 in that chloroform, methylene chloride, and trichloroethylene
[ A 1 but not benzene, toluene, and tetrachloroethylene are known to
0.05- ° ] form C—H to O hydrogen bondsPS and PVME only form a
3 ] compatible blend when these polymers are mixed in the latter
0.00 e three solvents. Solvents capable of forming the same kind of
0 5 10 15 20 25 weak hydrogen bond necessary for the compatibility of the PS
Irradiation Time (s) and PVME could be expected to interfere with similar hydrogen-
Figure 2. Intensity of the deuterated aromatic carbon signal as a bonding interactions between the blending polymers during the
function of NOE irradiation time for PVME blends witi®] ortho, mixing process. Support for a-¢H to O hydrogen bond is

©) mleta, a”d‘ﬁl) p?’ald%“tfrattedd pQ'VStyrg&.e- Tlhe ddel;]ter?‘te‘i'_carbon further confirmed by the data in Figure 2, which leave no
signais were selectively detected using auSiiipolar dephasing ime. ¢, etjon that steric effects are playing a role. Approach of the

ortho deuteron, adjacent to the backbone of the PS, would be

d|st|n_gwsh_|ng th‘?se sites on th(_e aroma_t|c ring of °P/Ss difficult, as reflected by the slower rise of the NOE effect for
explained in detail by the papers in ref 6, intermolecular NOE the ortho deuteron (Figure 2)

enhancement rates are increased for carbons closest to the methyl W def ith ision the insiaht di
hydrogens of the PVME OCHgroup, as @rotation/tunneling € can now de |n? With precision the Insight expressed in
1990 that there are “many weak interactions...that are small

enerates the necessary fluctuating dipolar fields required to . o
9 y g cip d compared to hydrogen-bonding and electrostatic interactions.”

stimulate cross-relaxation and generate the Overhauser effect.l_h d met tic hvd th tic ri f
Figure 2 shows the plot of the NOE buildup for the three blends. € para and meta aromalic hydrogens on the aromalic ring o
the PS and to a lesser extent the ortho hydrogen on that ring

Increased resolution in the aromatic region of Y@ spectrum . - .
(see ref 6a), arising from the selection of only the deuterated are involved in a weak €H to O hydrogen boridwith the
oxygen of the methoxyl group of PVME.

carbons via controlled periods &H—3C dipolar dephasing, _ S
allowed cross-relaxation rate measurements rather than the Comparison of the historical development of the concept of
intensity as a single point giving increased confidence in the the weak hydrogen bond with the literature on the PS/PVME
result§ and demonstrates that the preference for the meta andblend outlined above demonstrates a parallel but entirely separate
para hydrogens in PS participating in the interaction with PVME development® A critical paper published in 1982stimulated

can be confirmed in the solid-state blend. acceptancé of the concept of the weak hydrogen bond and
Consider now the existing literature on the blend between has led to aliterature growing increasingly more extensive across
PS and PVME: a wide spectrum of chemistry and biochemistt{he polymer

(1) Early reports demonstrated that the compatibility of the Iiterature,.although focused on the.PS/PVME blend.as discussed
blend has a curious solvent dependelfceshich was later above, failed to connect the experimental observations concern-
confirmed by NMR work as wefl.Miscibility of PS and PYME ~ ing the blend to the developing work with small molecules,
is encountered in films cast from benzene, toluene, and Which arises to some extent from the absence of a focus on the
perchloroethylene, but not from chloroform, methylene chloride, Molecular basis of parameters!
or trichloroethylené? Weak interactions, observable with difficulty in small mol-

(2) Deuteration of the PS, carried out to increase the scatteringeculest*68must play larger roles in macromolecules arising
cross section in a neutron diffraction study, led to another from the cooperativity-amplification properties of polymefs.
surprise in an enhanced compatibility of the blend reflected by This is beautifully demonstrated in the blend between PS and
an~40°C increase in the lower critical solution temperattire. PVME where the cooperative characteristics of the blend
However, the same effect on the lower critical solution amplify the per unit weak effect into a very large effect, allowing
temperature was attained by only deuterating the aromatictwo polymers to form a blend with a large structural isotope
hydrogens213Deuterium substitution of the aliphatic backbone effect on the lower critical solution temperature of the blend.
hydrogens had little effect on the blehkd. Rather than being left out of the story, polymers with their

(3) Infrared spectroscopy experiments showed vibrational cooperative-amplification characteristics should be central
changes in both the aromatic hydrogens of polystyrene and theplayers in advancing the study of the chemical basis of
methoxyl group of PVME in the blend. Hsu and co-workérs  nonclassical hydrogen bonding and weak effects in general.
pointed out the necessity of a “favorable intermolecular interac- Increased connection between polymer phenomena and ongoing
tion” in the PS/PVME blend (there are known exceptions to structural research in chemistry and biochemistry is likely to
this rule in other blend&) and that understanding the nature of be valuable® For one example, the results reported here could
this interaction “represent important areas of study.” stimulate the search for other blends dependent on this kind of

The essential characteristics defining the presence ofld C ~ weak per unit interaction or even modification of polymers to
to O hydrogen bond have been well summarized in small enhance such weak interactions, allowing new blend opportuni-
moleculest® Consistent with general observations for this kind  ties.
of weak hydrogen bonding, the frequency of thel€bending
mode should decreadgwhich was precisely found in the early Acknowledgment. We thank the National Science Founda-
infrared spectroscopic work. Another characteristic is that tion, Chemistry, and Polymers Programs and the Petrol&m
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