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Introduction about and collide with one another. If the geometry and
electrostatics of one of these collisions fulfills certain

requirements imposed by the nature of the species involved,
a new chemical bond is formed and a reaction is said to

Merrifield’s 1963 contribution to science served to
foment, decades later, an explosion in the field of solid-phase

organic synthesis (SPO%Merrifield envisioned that an- have oceurred. The role of the solvent in this case is simol

choring peptides to insoluble supports should greatly improve 0 Verm'tutrr:esé coII'rs'ons to ocf’c \r/ g mrols'd(?ns alsk's;:et'rz:y

peptide synthesis. With the desired molecule attached to an permi ISl : ur (by providing Kinet
milieu for the molecules involved) and to provide an

easily sequestered solid, purification becomes a trivial matter . . . :
electrostatic environment amenable to the reaction polarity.

of simply cleaving the molecule from the support and X : .

: . . . That swollen cross-linked polymers are the solvents in which
removing th rt from solution. While the i n . .
emoving the support from Solufio e the idea sounds SPOS reactions are performed will be demonstrated by

simple enough in hindsight, the actual implementation of the depiction of techniques used to probe the interaction between
first solid-phase synthesis of a tetrapeptide required much cross-linked polymer, solution phase, and both bound and

effort.3 With time, the idea of solid-phase organic synthesis

has evolved from a flight-of-fancy to the present day where unbound molec?ules. .
peptide synthesis has been reduced to an automated task. 1"€ Polymeric support used by Merrifield, polystyrene
Recent advances in the field of small molecule combinatorial €r0SS-linked with divinyl benzene having pendant chlorom-

chemistry have led to a dramatic growth in the use of solid- ©€thyl groups as points of attachment, has come to be known
phase resins. simply as Merrifield resin (MR), and is, to this day, the most

Literature reports of SPOS overwhelmingly depict resins C_omrlnonly ehmployEd resmgheds_tructulr? Of_(;\/IR :s not a?
used in reactions as little spheres with molecules appendeos'mpe as the structure of tra '“9”3 lquid SO yents,_ or
to them. In an insightful 1998 monologue, Czafnghal-  €X@mple ethyl acetate. Thus, this review begins with a
lenged chemists with the notion that simply denoting the discussion of the inhomogeneities associated with MR and
solid-phase resin as an opaque sphere is tantamount t6heirorigins. This will be followed by a brief discussion on
omitting the solvent used in the reaction, a grave omission. tN€ Physical method used to prepare resins for SPOS, namely,
Swollen cross-linked polymers are the solvents in which suspension polymerization. Justifiably or not, the physical

solid-phase organic reactions are performed. In the sameproperty of'swelhr}g IS .consu_jered to be.of the utmost
sense that a thorough understanding of the properties c)f|mp.0rtance in deallmg with solid-phase resins. Clearly, the
traditional solvents is essential for the design and imple- ability of a _Cross-lmked pol_ymer t_o take up s_olve_nts 'S_Of
mentation of traditional solution-phase chemisteythorough paramount importance. A d|s<_:_ussmn on swelling, mcludmg
understanding of the properties of the swollen polymeric means to predict SWG”_'”Q ability based on th_ermodynamlc
matrix, the de facto solvent, is critical for the implementation SClubility parameters, is included together with the effects

of SPOS reactions. The main purpose of this review is to of swelling on the polymer matrix itself. Polymer chemists

demonstrate the parallels between traditional solution-phase@ve for decades realized that adding, or grafting, molecules

and swollen gel-phase solvents off the main chains of macromolecules exerts a pronounced
A surfeit of reviews devoted to resins employed in SPOS effect. on the physical properties of the polymer. It is no

has appearetifogether with some reviews devoted to the SUrprise, then, that the same change; are obserye d by.the

physical properties of resiffsThe present review will focus addition of reagents to solid-phase resins, and a discussion

on physical aspects of the resins used for SPOS. In particuIar,addreSS'ng this is included.

an emphasis is placed on the kinetic motion of the polymer A variety of spectroscopic techniques has been applied to
backbone and effects on this motion caused by changes inthe study of cross-linked polymers, each offering a different

solvation. In solution, solvated molecules are able to move VieW ©of the matrix in question. The use of electron
paramagnetic resonance, nuclear magnetic resonance, and

t Dedicated to Professor Robert B. Bates on the occasion of his [lUOr€SCeNce spectroscopies has fo_und partlc'Jla_1r appllcathn
retirement. to the study of the structures of solid-phase resins and their

10.1021/cc0000460 CCC: $19.00 © 2000 American Chemical Society
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interaction with the solution phase. Infrared spectroscopy hasare more evenly interspersed. Existence of different regions
been applied sparingly to this topic, but has come to are further supported by pyrolysis data for CLPS prepared
prominence for monitoring the progress of solid-phase from puremetaandpara-DVB which demonstrated that the
reactions. Cross-linked polymers are highly complex systems.rate of loss ofmetadivinyl benzene from the polymer is
Application of advanced spectroscopic techniques allows greater than fopara-divinylbenzene products. This was
observation of certain aspects critical to the success ofcorrelated with clustering of thpara units, letting them
reactions on the solid phase, for example motion of the occupy less heat sensitive regions of the matrix.

polymeric matrix. However, spectroscopy is still unable to  Fyrther sources of inhomogeneity of resins commonly used

answer all questions of relevance to the performance of thejy, spOS arise from treatment of the cross-linked polymer

resin, for example, the average distance between nodal pointsfter synthesis. Solvents used to remove unreacted monomers

or the actual degree of cross-linkiffy. from the newly formed resin have a profound impact on pore
Solvents impact kinetics of reactions, sit@te interactions, size. Polymers dried from poor solvents show maximum

as well as reagent partitioning. Discussions of swollen resins porosity, while p0|ymers dried from good solvents show

on these areas are also included. While much effort has beercollapsed pores upon dryir.

devoted to so-called “on-bead” monitoring of solid-phase

reactions, this area will only be mentioned in passing, and Suspension Polymerization

is a worthy topic for a review in itself: ) o
Suspension polymerization (often referred to as a “black

Cross-Linked Polystyrene art"9) is the preferred mode of formation of resins for SPOS.
While bulk polymerization followed by grinding and sieving

of the polymer is an easier means to create resins, the near
perfect spheres obtained by suspension polymerization are
not achieved. Suspension polymerization comprises a two-
phase system wherein the monomers and porogen (solvent
for monomer mixture) exist in one layer, for CLPS formation
an organic solvent, suspended in an excess of nonsolvent;
for CLPS formation the nonsolvent is water. For water
soluble polymers, for example, polyacrylamides, the nature
of the phases is reversed. The most important feature of
suspension polymerization is the formation of stable droplets
of monomer suspended in the nonsolvent phase. Achieving
reproducible droplet formation is most effectively ac-
complished with mechanical stirring. The shape and speed
of paddle, together with shape of the reaction vessel,
determine the size and quality of beads obtained by influenc-
ing the steady-state formation of these droplets. The non-
solvent phase may be thought of as providing millions of
tiny “spherical molds” in which the polymer beads are
formed constrained by surface tension. Stabilizers, typically
a mixture of simple inorganic salts together with large, polar

gelation of themetaisomer occurs before gelation of the organic species, such as acacia gum or poly(vinyl alcohol),
para isomer. With the first vinyl unit incorporated, the are added to the mixture to help reduce the surface tension

pendant vinyl group reacts at a rate analogous to isopropyI-Of the droplets. This stabilization of the droplets prevents

styrene, which has been demonstrated to react more slowly2dgregation of the “molds” which leads to misshapen b&ads.
than styrend® Phase separation of the nascent cross-linked polymer is
In copolymerization between both isomers of DVB and 9dreatly affected by the nature of the organic solvent (or
styrene para-divinyl benzene reacts preferentially with itself Porogen) used. Poor solvents tend to result in earlier phase
such thatpara-divinyl benzene is more rapidly consumed Séparation which may lead to shorter polymer chains and
from the reaction mixture. As such, most of thara-DVB less actual cross-linking. As well, the nature of the porogen
is found in dense bunchemetaDivinyl benzene does react ~ affects porosity of the polymer, which affects its morphology
more rapidly than styrene, but is better able to react with and can lead to heterogeneous swelfihg.
styrene and tends to be evenly incorporated into the polymer, Slower rates of stirring afford beads having greater
resulting in evenly spaced cross-links. Thus, two distinct diameter$? However, rates too low may not be sufficient
regimes are present in CLPS. Regions formed by reactionto establish steady-state droplet size. There are limits to the
between para-divinyl benzene and styrene tend to be control over particle size. The dependence of particle size
composed of dense regions, rich in cross-linker, strung on stirring rate requires increased amount of droplet stabi-
together by long strands of styrene. Regions formed by lizer; in its absence, smaller drops coalesce earlier, producing
reaction betweemetadivinyl benzene and styrene tend to large and odd shaped beads. In principle it is possible to
be more homogeneous, that is, the cross-linker and styrenecontrol bead sizes in the range 62000 um; in reality,

With very few exceptions polystyrene cross-linked with
divinylbenzene is the polymeric support used in solid-phase
organic synthesiSInhomogeneity in cross-linked polystyrene
(CLPS) has long been known to hamper synthetic eff@rts.
Many reports have described in detail the kinetics of the
copolymerization of styrene and divinylboenzene (DVB).
Owing to the lack of commercial availability of either of
the pure isomersmeta or para-divinylbenzené? the
synthesis of CLPS is performed with five different mono-
mers, namelymeta and para-divinylbenzenesmeta and
para-ethylstyrenes (present as impurities in commercial
DVB), and styrene itself. If chloromethyl groups are to be
included by copolymerization with vinylbenzyl chloride,
often used as a mixture of tmeeta andpara- isomers, seven
different monomers are now introduced into the reaction
mixture. The main source of inhomogeneity of cross-linked
polystyrene lies in the two different cross-linkers used, each
having different reaction raté&.In general, the first vinyl
group of themetaisomer reacts faster with styrene than does
the first vinyl group of thepara isomer. Data on the
polymerization of purenetaand para isomers reveals that
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detects the fluorophore’s emission directly from the point
source together with emission from a diffraction pattern
originating from inside the bead, was used to determine the
degree of substitution throughout the bead. Essentially this
technique allows visualization of slices of the bead. Treat-
ment of the data from the diffraction pattern to a mathemati-
cal algorithm permits assignment of the source of emission.
Interestingly, and contrary to conventional wisdom, it was
determined that even distribution of the rhodamine dye
throughout the bead was only observed for the CPG and
macroporous resin. For the two supposedly swellable poly-
mers, little interpenetration of the dye was noted. It is unclear,
then, how reported loadings of CLPS type resins, measured
for example by cleavage of terminal Fmoc groups, can be
obtained as high as they are if only a small portion of the
bead, that near the surface, is loaded. The above finding is
in stark contrast both to conventional wisdom and to
observation of3 particle emission from the interior of resin
beads doped witiH. Audioradiograph experiments with
Boc-[PH]Val-(LAGV-OMPA); attached to CLPS unambigu-
ously demonstrated incorporation of amino aicitb CLPS
after careful slicing of the bedd.

The driving force for swelling arises from contributions
from entropy and enthalpy changes associated with mixing

Figure 1. Cartoon depicting ability of compounds to enter
nonswollen (top) vs swollen (bottom) cross-linked polymers.

production of beads having diameters smaller thapr2ds of solvent and solute together with changes in configurational
challenging, although it has been reportéd. entropy due to dilution of flexible chair8 Differences due
to cross-linking include a decrease in configurational entropy
Swelling of polymer chains held in the network resulting from the

chains being forced to assume more elongated, less readily
attainable, configurations as the network expands. Thus,
increasing the degree of cross-linking affects the degree of
configurational entropy dissipated, rendering swelling more
difficult. The thermodynamics of mixing (swelling in the case
of a cross-linked polymer) of a polymer with a solvent is
governed primarily by the enthalpy of mixing which varies
as the difference in molar attractiveness between solute and
solvent® For a cross-linked polymer, the degree of swelling
is described by the FloryRehner theory* Here, the swelling
ability of a gel in a specific solvent is estimated by
comparison of the differences in Hildebrand solubility
parametersd)? between polymer and solvent. The Hilde-
brand solubility parameter represents the heat of vaporization
per milliliter of material. As polymers will degrade before
vaporization occurs)j is not conveniently measured. Values
of 0 can be obtained by matching solubilities of polymers
with solvents of knowrd. Gee studied the swelling of rubber

Kinetics of reactions on polymer supports (vide supra) has by immersing cubes of rubber in various solvents and
poly bp P measuring changes in their volume over several wégks.

demonstrated that even though one polym_er may swell to 4Rased on observed degree of swelling, he was able to
greater extent than another, rates of reaction do not neces-

. . e . estimate) for the cross-linked polymer based on knowledge

sarily reflect swelling. Merrifield realized early on that most . .
: : Lo of 6 for the best-swelling solvents. For a polymer,is

(>99%) of sites of attachment of solid-phase resinsragiele estimated from eq 3t
the swollen bead®. Indeed, this is self-evident simply by q
comparison of the surface area-to-volume ratio for a sphere. o= sz/M 1)
An interesting report contrary to this notion has appeared
concerning the distribution of functional groups through wherep is the density of the polymek] is the mer molecular
different matrixes commonly employed for SP&SA weight of the polymer, an§ G is the sum of group molar
fluorescent rhodamine dye was affixed to the aminomethyl attractivities; G is calculated based on experimentally
functionalized ends of either Agrogel, controlled-pore glass determined values for vapor pressure and heats of vaporiza-
(CPG), CLPS, or TentaGel (TGj.Optical analysis, which  tion. A complementary approach to the calculatior ahat

Swelling of a cross-linked polymer is equivalent to
solvation of a linear polyme¥ Instead of dissolving and
forming a solution the cross-links act as anchors to prevent
excessive motion of the polymer chains required to form a
solution. As a result, solvent is taken up by the cross-linked
polymer resulting in an increase in volume as solvent
molecules occupy positions between polymer chains (Figure
1). In most organic chemists’ minds the dominant criteria
for a solid-phase resin is the swelling of the reaction matrix.
Swelling of a polymer resin is a prerequisite for any reaction
to occur within a permeable polymeric support. A cross-
linked polymef® that does not swell when imbued in solvent
provides little opportunity for reagents to interact, precluding
reaction. It must be noted, however, that swelling is not in
itself a panacea. As the polymer swells, it now assumes the
role traditionally associated with the solvent; that is, the
swollen polymeis the solvent, with the important distinction
of having a substantially greater viscosity.
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Table 1. Hildebrand Solubility Parameters for a Range of
Solvents

solvent o (cal/mL)2 solvent o (cal/mL)2

acetone 9.9 ethyl acetate 9.1
acetonitrile 11.9 ethyl ether 7.4
benzene 9.2 ethyl alcohol 12.7
chloroform 9.3 n-hexane 7.3
DMF 12.1 THF 9.1
DMSO 12.0 toluene 8.9
1,4-dioxane 10.0 water 23.4

takes nonbonded interactions between elements of the

polymer chain into account has also been repoitékhis
approach is particularly useful for polymers containing
pendant carboxylic acids or alcohols.

While the calculation ofé as described above is not
completely rigorous, it serves as a useful guide to swelling
ability of cross-linked polymers. Calculation 6ffor linear
PS by the method of Smétligives a value of 9.05 (cal/
mL)Y2, remarkably close to one of the reported values. There
are several examples where calculation &r a cross-linked
polymer was found to be within 10% of experimentally
determined values, for example in cross-linked polyesfers,
in epoxy networks; and in vinylester network®

Recent publicatior?8 concerningd for Merrifield resin
have guoted a value of 9.1 (cal/mfusing an experimental
determination ofd for linear polystyrene obtained by a
turbidimetric titratior In fact, this report gives two different
values (9.07 and 8.72) fa¥, depending on which solvents
were employed in the titration. An alternate publication
concerning for linear polystyrene provides a value of 8.56
(cal/mL)*241 A range of 8.6-9.7 (cal/mL}? has been
suggested for cross-linked polystyrefie.

Correlation of swelling ability of CLPS with solvents
encompassing a range ofvalues has been reportéd.in
general, species are considered miscible widen- d,| <
14 Comparison of resin swelling to solvert values
demonstrated that maximum solvation occurs with solvents
having 6 values between 9 and 10, consistent wittior
CLPS as being 8:69.7. As well, it was pointed out thak

values for mixed solvent systems could be estimated using

a weighted average dfvalues from the respective solvents.
Values ofd* for solvents commonly employed in SPOS are
presented in Table 1. Judging from the values gfiven in
Table 1 it is clear that CLPS will not be swollen by solvents
that are too polar, for example water, or solvents that are
not sufficiently polar, for example hexane. A similar ap-
proach to the prediction of polymer swelling based on
acceptor and donor numbé&rbas been reported However,

Reviews

linking and swelling. Reducing cross-link density causes an
increase in swelling, but at a cost of mechanical stability;
beads broken by agitation can be difficult to filter. Con-
versely, increasing cross-link density results in greater
mechanical strength, but at a cost of swelling ability. If
reagents cannot interact with each other in a swollen medium,
no reaction will occur. The chemical nature of the cross-
link can have a profound effect on mechanical strength. For
example, while polystyrene cross-linked with DVB is readily
pulverized by magnetic stirring, polystyrene cross-linked with
bis(vinylbenzyl)oligoethylene glycol units& 3) results in
beads that readily withstand magnetic stirrthg.

Glass Transition Temperature

The glass transition temperaturgy), the temperature at
which substantial motion of the polymer chains begins, is
one of the defining properties of a polymer. For amorphous
linear polymers, heating abovg allows the polymer to flow
under stress. Cross-links anchoring the chains of a polymer
network do not permit such motion, so a cross-linked
polymer will not flow. However, abové, substantial motion
of the cross-linked polymer chain is now possible. For CLPS,
a highly amorphous polymeTy is lowered from 110C in
the dry state to ambient temperature upon interaction with a
good solvent? A good solvent for a cross-linked polymer
may be considered analogous to a plasticizer. That is, the
polymer chain is able to move about more freely at a lower
temperature. The glass transition temperature, in simile with
swelling ability, is known to be proportional to the degree
of cross-linking?3

A study of changes in the glass transition temperature of
CLPS on swelling with toluene, chloroform, DMF, and THF
has been reported.Rates of molecular diffusion decrease
markedly upon cooling throughy, providing a guide to the
useable temperature range of the resin. Polystyrenes having
2, 6, and 10% cross-linking, respectively, were examined
by differential scanning calorimetery (DSC) in sealed vessels.
Interaction of the polymer with all solvents examined resulted
in Ty depression. Further, a comparison of methods of the
calculation ofTy based on knowledge of tfTg of the solvent
andT, of the bulk dry polymer to experimental values was
performed. Four different equations for the calculation of
T, from above data were examin&dOnly eq 25 gave

satisfactory agreement with experimental values:
INnTyg=mIn Ty, +myIn Ty, 2

where Tq; and Ty, refer to glass transtion temperatures of
the pure solvent and polymer amd, and m, refer to the

the advantage of this approach over the use of the moremass fractions of the pure solvent and polymer. Experimen-

traditional Hildebrand solubility parameters is unclear.
Many methods have been reported for determination of

tally determined values fofg in toluene are presented in
Table 2. As cross-linking increases and swellability de-

degree of swelling, for example, measurements of changescreasesT, increases implying that a greater temperature is

in volume for a single beatl, a syringe method® and
methods measuring changes in weight after centrifugétion.
An extensive survey of the swelling properties of some of

required to attain the same degree of backbone mobility.

Effects of Loading of the Polymer

the most commonly used resins in a range of solvents has Modification of polymeric resins, for example by adding

been compile® and serves as a useful guide for selection
of resin/solvent pairs.

pendant molecules or grafts, greatly affects the thermody-
namic properties that give rise to swelling. To study the effect

A delicate balance exists between the degree of cross-of increased substitution on the swelling ability of resins,
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Table 2. Glass Transition Temperatures for MR Mixed with  (Leu-Ala-Gly-Val) was performed at the end of tethers of

Toluené various length from the polymer backbone. The spacers were
% DVB Ty (K) either [Leu-Ala-Gly-Val-OMP] or [Leu-Ala-Gly-Val],. Even

0 371 with 10 OMP and 48 amino acids (a segment as polar as a
1 378 PEG chain) separating the site of reaction from the polymer
i ggi backbone, no appreciable difference in synthetic efficiency
6 389 was observed.
8 387 . .

10 404 Spectroscopic Techniques

12 405

Electron Paramagnetic ResonanceElectron paramag-
2 Degree of cross-linking is noted. netic resonance (EPR) and nuclear magnetic resonance

resin bound peptides composed of between 1 and 12 units(NMR) observe similar phenomena, the response of a dipole
of Leu-A|a-G|y-Va|-Oxymethy|pheny|acetic (OMP) acid perturbed from its equilibrium in a magnetic field by
were prepared The size of the dry beads and peptide- application of radio frequency radiation. As resonance
grafted beads were measured individually using a micro- SPectroscopy observes an indirect response to an excitation,
scope. It was noted that the diameter of a dry bead roughly it differs from forms of spectroscopy that measure responses
doubled as the content of the peptide approached 809 directly, for example absorption or emission of photons. This
Swelling was also measured by direct observation of changesSets resonance spectroscopies apart from the others and
in size of individual beads using a microscope. In.CH imparts complementary, dynamic information.
the volume of the swollen, unloaded resin was 1.84 times What can be gleaned from an EPR experiment is the
greater than the dry resin. Addition of peptides had a dramatic relaxation of an unpaired electron. Nitroxides are stable
effect on solvation. As the peptide content increased, the sources of radical and have found application in EPR.
swelling ratio in the nonpolar C)€l, decreased. With 2.5g  Relaxation of the unpaired electron is seen as a triplet, with
of peptide per gram of resin, the swelling ratio was reduced the | = 1 N nucleus giving rise to the observed splitting
to 1.33 for CHCl,. The opposite trend was observed for the pattern. The degree to which the probe is rotating is reflected
more polar solvent DMF, where the swelling ratio increased in the difference in the line widths of the sigrt&iNarrower
as the amount of bound peptide residues, with greaterline widths indicate the probe is able to rotate more freely.
polarity, increased. The attached peptide, now an integral This speed of rotation varies directly with a correlation time
part of the polymer backbone, clearly makes a substantial (rc), which may be thought of as being the time required
contribution to the physicochemical properties of the swollen for the probe to travel an arc of 48 Nitroxide spin probes
gel phase. A further example of the effect of backbone have been attached to linear polystyréheyhich readily
grafting of cross-linked polymers on solubilizing ability is dissolves in a variety of solvents. It was noted that the
seen in a report on the swelling behavior of solid-phase resinscorrelation time varied inversely with temperature. As
in a range of solvent®. Swelling of resins with different  viscosity of solutions, particularly polymer solutions, is
grafts off a cross-linked polystyrene backbone was examinedknown to vary with temperature, that the rotational speed of
in a range of solvents. The grafts ranged from large PEG the probe should be decreased at lower temperatures is not
oligomers, TentaGel, to simple linkers attached to the starting unexpected.
CLPS, for example Merrifield resin (chloromethyl groups  Application of EPR to the study of cross-linked polymer
grafted), Wang resin (hydroxymethylphenyl methyl ether resins was first reported by Chesnut and Hof¥efheir
groups grafted), MBHA (4-methylbenhydrylamine groups approach was to study the interaction of a radical probe,
grafted), Trityl resin (diphenyl chloride groups grafted), and 2,2,6,6-tetramethyl-4-piperidinol-1-oxyl, with a range of ion-
Rink resin N-Fmoc-2,4-methoxybenzhydrylamine methyl exchange resins. The resins themselves were beads of cross-
ether). The addition of these grafts (small molecules) causedlinked polyacrylamide known to swell in polar solvents. The
definitive shifts in the swelling properties of the resins, a probe in solution was equilibrated with the resin, and the
facet that should be borne in mind when problems arise resin was then thoroughly washed such that only probes
during synthesis on resins. ionically attached to the resin would be observed in the EPR
The solubilizing ability of the polymer backbone has a cavity. Concentrations of the radical probe were kept low,
tremendous effect on the solvation of peptides that normally <10~2 M, to avoid complications arising from excessive
would be insoluble in the same liquid phase. For example, spin—spin coupling or Heisenberg exchange which affords
there are cases where a resin-peptide ensemble is solvatedrtificial broadening? Resins having 2, 4, 8, 10, and 12%
while together, but the cleaved peptide is insoluble in the cross-linking were examined. It was noted that as the degree
same liquid solvent® This solubilizing effect further dem-  of cross-linking increased, the rotational ability of the probe
onstrates that the swollen lightly cross-linked resin, not the decreased, consistent with a decreasing ability to rotate in a
bulk liquid solvent, is the de facto solvent. denser medium. However, a noticeable exception to this was
Naively, it may seem plausible that carrying out reactions that the 12% cross-linked material exhibited rotation on par
further from the polymer backbone should be beneficial due with that observed for the 4% cross-linked species. Experi-
to increased mobility. An elegant experiment describing the ments were duplicated to ensure reproducibility. A proposed
effect of tethering reagents off of the polymer backbone has explanation of this anomalous behavior was that the inho-
been reportedl. The synthesis of a well-characterized peptide mogeneity of the resin itself resulted in an unequal distribu-
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tion of the probe such that there was a preference for the
probe to occupy areas that were easier to access, i.e., areas

of less density. O ‘ O O
0

A further application of EPR to the elucidation of

polymeric network properties involved the covalent attach- A o N B al
ment of a nitroxide probe to cross-linked polyureth&has | ®,

in the previously described report, concentrations of the MeQMe MeQMe
radical were kept low. It was felt that the rotation of the Me™ N e Me™ "N” Yo
bound probe would be determined by the free volume and o Q

local morphology of the immediate environment of the probe. Figure 2. (a) Nitroxide bound pyridinium MR, 96% pyridine ring
Again, tc was found to vary inversely with temperature, and substitution, 0.04% nitroxide ring substitution. (b) MR, 0.04%
in the swollen state the probe was found to have much greatemitroxide substitution. Reproduced with permission from: Regen,
rotational freedom than in the unswollen state, consistent with S: L-J: Am. Chem. S0a975 97, 3108. Copyright 1975 American

. . Chemical Society.
enhanced motion of the polymer chains caused Ty

depre55|.on. ) . ) a more plausible explanation is that the small amount of
The nitroxide used in the above study of ion-exchange prope used was bound only to the most accessible (exterior)
resins, 2,2,6,6-tetramethyl-4-piperidinol-1-oxyl, was, in @ tentacles. Clearly this should not be extrapolated to infer
subsequent study, covalently attached to 2% cross-linkedpjinging sites inside the resin bead will exhibit the same free
CLPS by chloride displacemefit. Correlation between  (qation. The inability to uniformly add nitroxide throughout
observed line widths and swelling capability in a range (_)f the resin must be considered as an important caveat.
solvents demonstrated that as the degree of swelling in- A study which utilized EPR to monitor rotational ability
creasedzc also decreased. On this basis it was suggestedyf 5 nitroxide probe compensated for the tiny amount of
that solvents that swell PS the best allow for the greatestlombe that could be add®dby modification of the manner
mobility of substrates in CLPS. of attachment of the nitroxide probe has been described. In
A similar study examined the distribution of nitroxide this case 2,2,6,6-tetramethyl-4-oxopiperidin-1-oxyl oxime
probes, in solution, free to partition themselves either in the was the stable source of radicals. By using a mixture of a
liquid or the gel phase. If, instead of covalently attaching small amount of the nitroxide oxime together with cyclo-
the nitroxide probe via the chloromethyl groups of the resin, pentanone oxime, more uniform loading of the radical probe
the probe, 2,2,6,6-tetramethyl-4-benzyloxy-piperidine-1-oxyl, in the resin could be obtained. This is a valuable, although
was simply equilibrated with the resin, distribution of radical not completely rigorous, approach due to different dipole
inside and outside the bead could be obsefvddhe radical ~ moments of the radical and nonradical oximes. Relaxation
probes inside the polymer, but not bound to it, had a greatertime varied inversely with the degree of cross-linking in
rotational mobility than did the bound probe by a factor of dichloromethane. This study also examined a range of
10; however, rotation was still slower than the probe free in solvents, looking at differences between probes attached to
solution. The mobility of the imbued probe was reduced by cross-linker and to the monomer. The monomer bound probe
increased cross-linking as was the bound probe. Thus, crosswas observed to rotate faster in all the solvents examined,
linking influences not just bound molecules, but results in save for DMF.
an overall increase in viscosity of the swollen gel phase The use of EPR to evaluate the morphology of resins was
decreasing rates of mass-transfer. Also evident from this examined in further detail by Regéh.An interesting
study was that the noncovalently attached species prefers taxtension involved the introduction of cationic groups onto
reside in the free solvent phase rather than in the swollenthe backbone of CLPS by treatment of the chloromethyl
polymer matrix. Differentiation of the species inside and groups with pyridine. Addition of the pyridinium group acted
outside the gel phase was readily distinguishable by the lineto markedly increase the polarity of the resin. The proportion
shapes of the differently relaxing species in the EPR spectra.of nitroxide radicals (Figure 2) was kept low to avoid
Introduction of a spacer between the polymer backbone complications. The pyridinium derivatized resin was found
of CLPS and species of interest was examined as a meango exhibit swelling “opposite” to underivatized CLPS. That
to enhance the mobility of the bound species. In this instance,is, for straight CLPS swollen in ethanol, very slow tumbling
a bis-decanamide linker was installed to the terminal chlo- of the radical probe was noted, whereas in the pyridinium
romethyl group of CLPS as a tether. To examine the mobility form of CLPS fast rotation of the probe was observed in
of the tethered molecule, a spin label was attached to theethanol. The converse was true for nonpolar, aprotic sol-
amino terminus, which was compared to a spin-label bound vents: carbon tetrachloride afforded a faster rotation rate on
to the benzylic carbon. It was noted that the nitroxide at the underivatized CLPS, but this slowed with the pyridine
end of the tether exhibited narrower line widths in the EPR derivatized CLPS. This is another example of how grafting
spectrum than did the benzylic nitroxide, consistent with onto the polymer backbone, in this case much smaller than
enhanced mobility. Again, a small amount of the spin label a large peptide chain, can impact swelling properties.

was employed in the experimeéfitConsistent with this result, The above study went further to examine the motion of a
rotation of a nitroxide probe at the ends of TG in solution radical bound to the surface of silica, a nonswellable support.
have been observed to be as fast as free in soléti@n Here it was noted that for aprotic solvents such as,(é

one hand this may imply free-solution-like behavior of TG; EPR spectra resembled that of the dry powder spectrum. With
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swelling the inorganic Si@ A proposed explanation is that
the nitroxide participates in hydrogen bonding with adjacent of JJ was, in fact, due to closer interaction between polymer
hydroxyl groups on the silica which is obviated by the and solvent, not merely enhanced filling of porous structures,
introduction of a hydrogen bond accepting solvent. Even so, correlation times as measured by EPR were faster for the
rotation of the silica bound probes in the hydrogen bonding corresponding CLPSs. That is, the probe was better able to
solvents was lower than for the permeable PS resins. rotate in CLPS. Previous studies on the application of EPR

Introduction of an amino acid mimetic incorporating a spin to cross-linked polymef% 7%72 have all concluded thatc
label, 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-carboxy- is a function of swelling ability or viscosity, and that
lic acid/® has been achieved. This label was used to correlation time decreases as the viscosity decreases. As such,
advantage in the study of the motion of peptide chains it was initially assumed thatc should be faster for a resin
growing off CLPS. The amino acid mimic was incorporated with a greater swelling capacitythe opposite of what was
into the CLPS, keeping the level of radicals low. A resin observed. This dichotomy was rationalized in that the
heavily loaded with peptide was noted to exhibit an order enhanced heterogeneity of the CLPS, caused by the two
of decreasingzc which was the opposite of that for species of cross-linkers used, allows for creation of areas of
unfunctionalized resin. That is, rotation was faster in solvents high and low cross-linking density. As only a tiny proportion
where it was otherwise slower, similar to the change in of nitroxide is used, it will preferentially react at more easily
swelling properties previously noted on adding long peptides accessible sites. Hence, attachment of the probe occurs in
to CLPS®” This further points to the dominating effect the regions of lower cross-linking with their incumbent lower
pendant chains off the polymer backbone exert on the viscosity. In the initial investigation using fluorescence
swelling properties of the material itsék. spectroscopy, the probe was uniformly incorporated into the

An attempt has been made to relate with rates of polymer during polymerizatioff In order to test the idea
reaction’? It was noted that the rate of a reaction, peptide that the mode of incorporation of the probe was responsible
coupling on CLPS, varied inversely witte. Further, an for the observed disparity between and swelling ability,
examination was made to relate this to the viscosity of the small amounts of a dansyl probe was added to both CLPS
swollen polymer gel. A relationship between correlation time and JJ after polymerization by chloride displacement.
and intrinsic viscosity of the swollen polymeg = #T, has Examination of the emission maxima of the post-polymer-
been suggested. ization modified resins revealed a greater shift in emission

Jandalel’* is polystyrene cross-linked with 1,4-bis(vi- maxima for the dye added after polymerization to CLPS as
nylphenoxy)-butane in place of divinyl benzene. An interest- compared with the same observations on JJ. That is, the
ing aspect oflJanddel (JJ) is its swelling ability, which is  means of attachment of the probe had a greater effect on
double that of the corresponding CLPS. Structures of JJ andthe observed response for CLPS. This likely arises from
CLPS are depicted in Figure 3. The enhanced swelling of JJgreater homogeneity of the JJ, which has a higher overall,
as compared to CLPS is somewhat surprising given the slightbut more consistent, viscosity.
difference in structure between CLPS and JJ. For example, An important aspect of the above study was that conclu-
the 2% resins differ by just two cross-links in 98 styrene sions drawn from EPR data should be considered valid only
units. Calculation ob for JJ reveals it to be 9.4 (cal/m¥3 for a small portion of the resin, in other words, only for
remarkably close to accepted values for CER&ther regions where the nitroxide probe is attached. This also points
pointing to what should be a slight difference. To examine to the importance of the mode of attachment of the probe.
the singular swelling ability of JJ, EPR studies were Some examples of EPR spectra of polymer bound TEMPO
conducted in conjunction with fluorescence spectroscopic are presented in Figure 4. Of note is the lack of any
studies”® While the fluorescent studies (with dansyl probe interaction between EtOH and the resin, evidenced in the
added during polymerization, ensuring homogeneity) con- similarity of its spectrum to the dry polymer spectrum. By
firmed that the macroscopic observation of enhanced swelling contrast, interaction with C}l,, known to be a good solvent
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for CLPS, results in a well-resolved spectrum as the nitroxide ppm

is now able to rotate more freely. . A B S R B L —
Nuclear Magnetic ResonanceThe first report of the 6%DVB

application of NMR spectroscopy to a cross-linked polymer A '

was a 1962 report on théH NMR spectrum of an

ion-exchange resin in which separate resonances were noted 4%

for water inside and outside the reginDuch and Grarif ,A

were able to demonstrate narrd#C NMR spectral lines

for polybutadienes and polyisoprenes abolg due to 2%

substantial movement of the polymer chains. A review

detailing early work on the application of NMR to cross-

1%
linked polymers has appearét. . M . JU_‘—.M-L.._—.

Narrow signals in NMR (and EPR) spectra are only
0% h

achieved if magnetic interactions between neighboring nuclei

are averaged by random motion that is faster than the m L

internuclear dipolar relaxation pathwaifsThis is readily  Figure 5. Gated decouple#C NMR spectra of MR. The degree
attained in solution, but when affixed to large, static of cross-linking is indicated. Reproduced with permission from
molecules, rapid motion of the dipoles becomes difficult. Ford, W. T.; Balakrishnan, TMacromoleculesl98], 14, 284.
An advantage of using NMR spectroscopy, as compared to Copyright 1981 American Chemical Society.

EPR, is that concentrations of the species to be observed . . . . .
may be much higher, permitting more uniform permeation within experimental error, suggesting this was not the best
of the matrix by the probe way to make comparisons. Some examples3af NMR

A report on line widths in NMR spectra of probes, in this spectra O_f CLPS arg presented in Flgure > i _
case salts containing®Na and '°F, inside of polymeric Of particular note in the above report is a discussion that,
matrices was reported by Creekmore and Reffepoth in contrast to EPR measurements, line widths and-spin
cation-exchange resin (Dowex 50W) and anion-exchangelattice relaxation cannot be rationalized by a single compo-
resin (Dowex 1) were examined. Increases in the line width N€nt, for examplerc for motion of the backbone carbon
of the 22Na or thel®F spectra were observed as the degree atoms®* As such, results obtained from NMR on the matrix

of cross-linking increased; this was attributed to a decreaseltSelf must only be taken qualitatively. The difficulty with
in 7c caused by a reduced ability of the probe to move in a Interpretations based oy is that they are based on peak
denser environment. Further examination of these polystyrenentensities at the maxima of broad spectral bands arising from
sulfonic acid polymers cross-linked with divinyl benzene was the nature of the observed signal which is a weighted average
performed using amino acids ionically attached to the resins. ©f all the different*3C spins contributing to a particular

Both 4% and 8% cross-linked resins were studesh effect resonance. Those carbon spins having the narrowest line

decrease in Spiﬁ'attice relaxation time -Kl) for the resin those W|th the gl‘eatest “ne W|dth Contribute the |eaSt. ThUS,

bound species, permitting a shorter relaxation delay thuseports onTy for *°C are skewed disproportionately toward
allowing transients to be collected more rapidly. All the resin faster relaxing carbons.
bound amino acids showed an increase in line width-63 2 Ludwick and co-workef® examined line widths of Boc
times on going to the 8% cross-linked as compared to the protected polyglycinel, by observation of quadropole echo
4% cross-linked resin. These early studies make clear thattH NMR. The advantage of the deuterium labeled glycine
motion of small molecules in the swollen gel-phase, while is that it allows observation of NMR spectra unfettered by
muted as compared to motion in solution phase, is still very excessive background frothl or °C dipoles. In the dry state,
much evident. the powder spectrum line broadening was clearly observed
Ford and Balakrishnd&f analyzed cross-linked PS gels consistent with reduced movement of the dipole in the
using 13C NMR spectroscopy. It was noted that spectra of polymer matrix. Even heating the dry samples, in an attempt
the least cross-linked polymers displayed the narrowest lines.to increase backbone motion, up to 132 (nearT, for
This is consistent with the idea that cross-linking puts extra CLPS) did not result in a resolved spectrum. Upon introduc-
restrictions on the motion of the polymer backbone. Degree tion of a good solvent for CLPS, DMF, a sharp singlet was
of swelling (known to vary inversely as cross-link density) noted, consistent with newfound mobility imparted by the
was also found to be important. A poorly solvated resin does now swollen gel phase. As the length of the polyglycthe-
not allow motion of the polymer backbone; thus, line chain began to slowly increase, mt= 7 some broadness
broadening due to anisotropic relaxation processes arewas again evident, the opposite of what was implied by EPR
observed!3C spectroscopy can be of more benefit thiin measurement8. This broadening may be caused by the free
NMR spectroscopy as th&C dipole exhibits a broader volume of the CLPS being occupied by amino acids,
spectral range. By comparing values Tf for a range of rendering free rotation more difficult. Figure 6 depicts the
PSs having 810% cross-linking, it was noted that a 2H NMR spectra for tethers of seven and nine @hunits
minimum occurred at cross-linking of 4%. However, the over a range of temperatures. Of note is that broadening for
difference between the largest and smallest values werethe Gly, tether is eventually compensated for by increased
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= mmmm TGT, CLPS, PAM, MBHA, and Rink MBHA were exam-
-10 0 10 ‘o - ined in CB,Cl,, DMF-d7, DMSO-ds, (CD3),CO, CD;OD, and
Figure 6. Quadropole echéH NMR spectra of DMF swollen MR. DZCI)- It \llvas sul%gested that the Ilne”vwdtth of a smallforgantlc |
The left column is (Glygh)s; the right column is (Glyd)e. The molecule would serve as an excellent measure of spectra

temperatures are indicated. Reproduced with permission from quality, a probe. As there is not a limitation on amount of
Dumais, J. JJ. Am. Chem. Sod.986 108 6493. Copyright 1986  dipole that may be introduced for NMR experiments (as is

American Chemical Society. the case for EPR), sufficient probe may be introduced to
temperature, i.e.T, is reached, whereas for Gljine ensure full permeation of the resin. The probe of choice was
broadening is always observed. DMF was the only solvent the singlet observed from the methyl group ofeat-butyl

examined. ester. A comparison was made between spectral quality,

A comparison of3C NMR spectra of three resins has been gualitated on a scale from best to worst spectrum for a given
published® The supports examined were poly(ethylenegly- solvent. In certain cases no resolvable spectrum was noted.
col) (PEG), CLPS, and TG. An amino acid, namely, Boc- The results are summarized in Table 3.

Gly-Pro-Pro-OH, was attached to the resins as a probe. Of note in Table 3 is the observation that little correlation
Spin—lattice relaxation timesT;) were measured by the €Xists between observed resolution of the spectra, i.e.,
standard inversionrecovery technique (180-z-90-acqu). Mmobility of the probe, and swelling ability. Resins with
Also, the line widths of the tripeptide ester were measured grafted PEG chains off the PS backbone, TGA and TGT,
both attached to the support and free in solution. In solution, a2ppeared to possess the greatest mobilities judging from the
spin—lattice relaxation times were measured; a dramatic narrowness of the line widths. Interestingly, the Wang resin
decrease in relaxation time was noted on going from the freeWith its substantially shorter tether off the PS backbone, a
methyl ester to the polymer bound species i§DE The single hydroxybenzyl alcohol unit, exhibited good to excel-
fastestT; (times for the boc, thet proton of Gly, and thex lent mobility in the nonprotic solvents examinéti NMR
proton for Pro were used) was observed for CLPS, followed Spectra are included in Figure 8. The difference between a
by TG and PEG. Differences for th& values varied  poorly resolved spectrum, for example CLPS in/CD and
markedly depending on which proton was observed; how- & well-resolved spectrum, TG in GOly, is clear.

ever, in all cases the same trend was observed. Looking at An extensive report on the properties of TG has appered.
line widths of PRO-G, CLPS always displayed the widest Penetration of a fluorescein-labeled enzyme into the beads
lines, followed by TG. The PEG bound probe displayed the was examined using a confocal scanning laser microscope
same properties as free in solution, consistent with the ability and by NMR spectroscopy. As well, the ready observation
of PEG to more closely approximate free solution beha¥ior. of the3!P nucleus by NMR was exploited-Triphenylphos-
That the CLPS should have had less mobility was thought phonium para-toluic acid bromide salt (referred to as
peculiar given it had a greater free volume than the TG, Compound P) was studied as® containing probe. That
which had its free volume otherwise occupied by PEG grafts. this was the only'P nucleus in the system provides for easy-
This suggests enhanced motion of the amino acid at the endo-interpret spectraT; times were obtained through an

of the PEG tether. A comparison of rates of peptide coupling inversion-recovery sequence.

using anortho-nitrophenyl active ester demonstrated thatthe ~ Compound P was coupled to amino TG via an anhydride.
rate of the PEG reactions, either grafted to PS or free in 3P NMR spectra of this ensemble in a variety of solvents
solution, was negligibly affected by the length of the PEG were obtained. It was noted that line widths of the phos-
chain; PEG 2000/4000 for liquid-phase organic synthesis phonium salt free in solution were very narrow, but
(LPOS), and PEG 2000/3300 for TG were used. Some broadened on binding to the resin. Interestingly, the line
representative spectra are included in Figure 7. widths of Compound P immersed in a solution containing

An extensive study of swollen resins by comparison of TG, but not attached to the resin, were identical to the
H line widths has been measuf&dsing a special probe, broadening of the polymer bound Compound P. This was
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Table 3. Comparison of Spectral Qualifl.ine Width? and Swelling Ability¥ between Various Resins and Solvents

resin CQC'Q DMF-d7 DMSO-de (CD3)2CO GDs CDs0OD D,O
Wang A B E B B F F
10.0 8.7 nm 10.2 13.9 nm nm
x3 x4 x1 x2 x4 x1 x1
NovaSyn C C C E E B E
KA 100 14.9 14.3 16.0 nm nm 20.6 nm
x2 x1 x1 x1 x1 x1 x1
NovaSyn B A A C E B E
PA 500 13.0 11.6 11.5 28.8 nm 23.4 nm
x3 x1 x1 x1 x1 x2 x1
NovaSyn A A A B C B E
TGA 8.4 10.0 8.8 12.5 25.1 13.2 nm
x3 x1.25 x2 x1 x1.5 x1.75 x1
NovaSyn A A A B C B E
TGT 4.1 5.9 5.8 11.0 19.4 3.8 nm
x4 x4 x3 x3 x3 x2 x2
MR D D F D D F F
12.6 17.3 nm 16.9 19.4 nm nm
x4 x3 x2 x2.5 x4.5 x1 x1
PAM D D D D D E F
12.1 10.7 16.8 135 15.1 nm nm
x3 x3 x1 x1.5 x1 x1 x1
MBHA D D F D E F F
25.7 27.1 16.8 28.0 26.2 nm nm
x4 x4 x1 x2 x6 x1 x1
Rink-MBHA B A E D E F F
12.5 8.0 24 16 nm nm nm
x4 x3 x1.5 x2 x3 x1 x1

a Qualitative spectral quality (AF) with A being the best? Linewidth of half-peak-height ofert-butyl singlet, expressed in Hz; nm
refers to not measure@lVolume increase induced by qualitative observation of solvent swelling, expressed as a factor of volume increase.

ascribed to magnetic-field inhomogeneity caused by the introduction of a chloromethyl group to alkyl benzenes by
matrix itself rather than the probe being in a solvent of Friedel-Crafts alkylation with chloromethyl methyl ether
substantial viscosity. This conclusion implies that observation affords solely theparaisomer?? Ford and Yacoul§ pub-
of line widths may be deceiving, but did not take supramo- lished an interesting report on a comparison of line widths
lecular interactions causing anisotropic motion of the dipole between chloromethylated cross-linked polystyrene prepared
into account. Relaxation times were also examined. No by treatment of CLPS with chloromethyl methyl ether and
significant difference was noted between line widths of the CLPS prepared by copolymerization of styrene, vinylbenzyl
noncovalently attached Compound P and the covalently chloride (VBC), and divinyl benzene. TR& NMR spectra
bound Compound P. of CLPS prepared by chloromethylation of CLPS depicted
A further report examining a variety of resins using NMR greater line broadening than did the resin prepared by
spectroscopy has recently appeai®dhe resins examined  copolymerization of VBC, DVB, and styrene having the
were TentaGel, ArgoGel, CLPS, macroporous aminomethyl same nominal degree of cross-linking. The greater line
polystyrene, together with three novel resins synthesized bybroadening is consistent with hindered rotation due to extra
the authors: POEPOP, SPOCC, and POEPS-3. Structuresross-links, and is also consistent with reports that treating
of the resins are depicted in Figure 9. Not surprisingly, the linear polystyrene with chloromethyl methyl ether affords
degree of swelling was found to be a function of the polymers an insoluble cross-linked product in high yiéftDespite the
physical characteristics. As the length of the PEG chains difference in observed line widths, no substantial difference
increased, the swollen volumes increased. The resins within swelling properties was observed, within experimental
the greater proportion of PEG were found to exhibit narrower limitations, showing the NMR approach to be more sensitive
lines in protic solvents, better than even TG. This is than simple comparisons of changes in volume. That there
consistent with the introduction of hydrophilic PEG chains was no decrease in swelling ability is in contradiction with
without decreasing the free volume of the resin by graft results to be described.
polymerization off of the CLPS backbone, as is the case with  Differences arising from the method of introduction of
TG. A higher proportion of the hydrophilic PEG afforded chloromethyl groups were further examined by Mohanraj and
better resolved spectra in polar solvents, while still permitting Ford?® As alluded (vide infra), the customarily reported,
good solvation in organic solvents such as dichloromethanenominal, degree of cross-linking does not necessarily rep-
and chloroform. resent the actual cross-linking. Introduction of chloromethyl
NMR spectroscopy has been applied to determination of groups by copolymerization with VBC does not introduce
the structure of cross-linked resins. Usiig NMR, Manatt any extra cross-links. The authors earlier examined introduc-
and co-worker® were able to discern that chloromethylation tion of a mixture ofmeta-and para-vinylbenzyl chlorides.
of CLPS by chloromethyl methyl ether occurred primarily A soluble (linear) copolymer aheta-andpara-vinylbenzyl
(>99%) in the 4 position. This is consistent with reports that chloride displayed discernible peaks, at 137 and 135 ppm in
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e TG Resin, DMF-d monitoring in a medium where TLC is not possible. Some

A L examples of on-bead analysis using NMR are very briefly
mentioned here3’P NMR has been applied to reaction

7 16 Resin. Ch.CL rnonito_ring; the advantage of thvéP nucleys is the lack of

S I e e e o B interfering background signals together with a strong si¢hal.
This technique is, of course, limited to compounds bearing

M“A U\_J_L phosphorus. Using MAS anéH HMQC even complex
. St M T 16 Resin, (CD,),80 structures on a single bead could be elucidated if the sample
$ & 7 & 5 4 3 2 ppm was enriched witH3C .2 There are other reports on the use

Figure 8. 500 MHz'H NMR spectra of various resins swollenin  of MAS% and MAS3C 19! g5 well as CP-MA®?2 for on-
/é.h eJﬁ]iSa:?SiT:tr;ig% 61, 1558. Copyright 1996 American 1 nitoring using NMR has appeared, with tradeoffs for MAS
' vs non-MAS noted. MAS affords better resolution but

the 3C NMR spectra, respectively, for theeta-andpara-  reduires more specialized equipméfiThe use ofF NMR
isomers of vinylbenzyl chloride. Introduction of cross-linking IN conjunction with a fluorine containing resin, the amount
in the form of as little at 0.5% divinyl benzene broadened of fluorine on the resin known from combustion microanaly-
the spectrum to the point that observation of the distinct SiS: has been reported to be an effective means to monitor
resonances of theeta-andparaisomers was not possible.  reactionsi® Looking at so-called fast’C NMR of labeled
Upon further examination of the effect of treating lightly compounds on the solid phase, it was noted that good spectra
cross-linked PS with chloromethyl methyl ether it was noted could be obtained using TG without the need for preswell-
that increased reaction time resulted in decreased chlorindnd.**> Swelling CLPS was found to be critical for obtaining
content and increased the degree of cross-linking as deterfesolved spectra even by MAS HMQ®.Using Wang resin
mined by line width analysis. This increase in cross-linking it was noted that DMSO markedly improved NMR spectral
of CLPS by treatment with chloromethyl methyl ether was quality. No other solvents or resins were examined. A three-
first observed in the 19506. step Heck sequence on solid support was monitored using
Recently, the enhanced swelling of polymers prepared by MAS HMQC %" As well, the use of a nanoprobe has been
copolymerization of styrene, divinyl benzene, and solely the reported for single bead analysis using MRS.
para-isomer of vinylbenzyl chloride has been reported to  The first report of on-bead analysis using norAigl NMR
result in swelling up to double that of conventionally did not take advantage of the lowd@y imparted by the
prepared CLPS having the same nominal degree of cross-swollen gel phas&® By exploiting this reduced, which
linking.®” This enhanced swelling is simply a consequence allows faster pulsing of the sample, acceptalie NMR
of less actual cross-linking. spectra could be obtained without resorting to MAS in seven
On-Bead Analysis.Traditionally, following the course of ~ and a half minutes in a normal 300 MHz spectrométer.
SPOS reactions required cleavage of a portion of the resinThe best solvent was found to be 20% (v:v) of a deuterated
and examination of the cleaved aliquot by traditional solvent (either @Ds, 1,4-dioxaneds, or DMSO-dg) in CCla.
methods. This can be time-consuming and wasteful of Carbon tetrachloride was ideal as'it€ has a long relaxation
material. The use of NMR for the study of species bound to time. The choice of deuterated cosolvent depends on what
solid-phase resins is clearly of great benefit for reaction is bound to the resin.
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Diffusion through Beads. Transport of molecules in CH,N*(CH;),R"0Ac
solution is critical to the undertaking of any reaction. Simply N
put, a molecule unable to reach its desired site of action,
regardless of the medium, is unable to react. For molecules CH,Cl CH,0Ac
free in solution the barrier to this interaction is negligible Figure 10. An intraresin displacement reaction.
due to rapid Brownian motion. Upon attachment of the same
species to a solid support, with incumbent increase in
viscosity, Brownian motion is diminished and mass transfer
becomes critical.

The use of pulsed-field-gradient spiacho (PGSE) NMR*!
has been applied to the study of solvent diffusion through
CLPS!*?The use of the PGSE method allows measurement
of the rate of solvent diffusion within the swollen polymer.
Diffusion of toluene in solutions of LPS was measured. As
weight percent LPS increased, the rate of toluene diffusion

10 m2/c | i
deir;??edz,/ frpm 31'|2 .10 fnélgg'g fre%/soLI;gor]r:]o 125 chain or solvent used, implying that the resin/solvent pair,
x m/s in a solution of 0. wt %o - Ihe Same 0 gel-phase solvent, exerted the dominating effect. In

.measur.ements on swollen cr os.s—lmked PS dem_ons?rated thal(L,ontrast to the free solution reaction, the intraresin reaction

increasing degree of cross-linking decreased diffusion rates, ., hibited a rapid initial rate, followed by a plateauing not
10 m2/e i i ’

for example from 4.5 10~*°m¥/s in nominally 5.7% CLPS seen in solution. Increasing the degree of cross-linking

10 m2 I 0, 1 . . .
to 1'A|'5>1< 10- . rr;/;;néllt_) F{OSC:_Pﬁ. TIZUS’ .|n 06115 S tglueﬂe decreased reaction rates, due to lower solvation and restricted
travels 12um in 5.7% . It should pointed out that the movement of the polymer chains.

decrease in rate of diffusion is proportional to the decrease  ppace transfer catalysis involving the intermediacy of a
in swelling ability as cross-linking increases. charged quaternary salt is a reaction readily amenable to
Further study of diffusion through the swollen gel pHaSe  sojig-phase chemistry. The use of polymer supported-tri-
reported the use of what was dubbed magnetization transferyty|phosphonium salts as a phase transfer catalyst has been
NMR (MT-NMR).1* The basis for this method is th&C applied to the chloride displacement efdecyl methane-
NMR spectra of swollen CLPS often shows two peaks for gfonatell® The rate of displacement of the sulfonate by
each carbon of the solvent, one corresponding to solventaqueous chloride was monitored. The rate of reaction was

inside the swollen matrix and the other corresponding to found to increase as surface area-to-volume ratio increased,
solvent outside the polymer. Peak assignment is made base¢s 55 pead size decreases.

on spin-lattice relaxation times, known to be much faster  Tomoi and For#® have studied the effects of immobiliza-
inside the dipole-laden swollen polymer, as well as based tjon of a catalyst in a triphasic (agqueous, organic, polymer)
on increased line broadening inside the polymer. Plots of gaction. Insoluble phase transfer catalysts were employed
peak intensity for the two solvent peaks vs delay time in o the reaction of 1-bromooctane with aqueous sodium
selective inversionrecovery experiments depicts qualitative cyanide in toluene. In the absence of the quaternary am-
transfer of magnetization from the selectively inverted site onium or phosphonium salts as phase transfer catalysts the
to the other site, allowing calculation of rates of diffusion. reaction did not progress at all. It was noted that the rate of
Again, a decrease in diffusion rate is seen with increased (gaction varied directly as the speed of stirring up to 600
cross-linking density. A caveat with this work is that beads rpm. Above 600 rpm the rate was as fast as that obtained
in the NMR tube were tightly packed, which is not typically - with a vibromixer or an ultrasonic probe. The size of the
the case in SPOS. Also, vigorous spinning of the sample iS heads had an effect on rate of reaction. Rates were found to
not possible in the NMR spectrometer, which will create \ary inversely with bead diameter, that is, as the surface area-
problems with mass transfer across the turbulent Nernst layerio_yolume ratio decreased so did mass transfer of reagents
(vide infra). into the bead.

A similar approach to monitoring the different environ- A subsequent report examined more closely the use of
ments for chloroform inside and outside CLPS has been polymer-supported benzyl tri-butyl phosphonium and
reported:'> The relative intensity of the chloroform resonance polymer-supported benzyl tri-butylammonium as phase
inside the polymer was compared with the resonance of transfer catalyst®® The fundamental kinetic steps are
chloroform outside the polymer. It was noted that most rapid depicted in Figure 11. The maximum rate of reaction was
exchange of solvent from inside the bead to outside the beadfound to occur with beads having a diameter ofi20, near
occurred with beads of the smallest diameter. This is the lower limit of particle size easily prepared by suspension
consistent with flux varying as surface aresmaller spheres  polymerization and near the limit of size that is readily
have a higher surface area-to-volume ratio. By extrapolation filterable. The effect of solvent quality was found to be
it was predicted that free exchange, that is the polymer would important. As the degree of swelling decreased, so too did
not impede motion of the solvent, should occur with beads the rate of reaction. Rates were found to vary inversely with
having a diameter of 3,6m, below the limit of what is easily  degree of cross-linking, as was noted in three solvents. The
filtered. sequence of events predicated for reaction to occur were

One of the benefits of solid-phase synthesis is the ability discussed at some length. Transfer of the bromooctane to

CH,N*(CH;),R"CI

to isolate reagents from each other, a technique of particular
advantage for monofunctionalization of bifunctional mol-
ecules, for example diamines or dihydroxylated com-
poundst'® To further examine this, the kinetics of an
intraresin reaction were examin&d.Merrifield resin was
modified such that some of the chlorides from the chlorom-
ethyl groups were replaced by ammonium acetate (Figure
10). Observed rates of displacement of the chloride by acetate
(the appearance of ionic chloride in free solution was
monitored) showed little dependence on the length of alkyl
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Mass transfer Diffusion through
+ from solution RBr polymer

WTVW Mass transfer Diffusion through

. RP"Br from surface polymer
Figure 11. Steps required for reaction of polymer bound catalytic reaction.
the interior of the polymer required contact with the surface. MeOH
The solution phase closest to the surface of the resin exhibits 520 °
a turbulent layer of solvent with slow movement similar to I o Frobe
a Nernst layer at an electrode, referred to as a “quiet layer.” g gy
The magnitude of this quiet layer will depend on the rate of % 480+
agitation, the faster the stirring the narrower the turbulent <
film at the solid-liquid interface. Diffusion of the reactant 460 e A
through the polymer matrix is the next requisite step and i B e 2 L,
may limit the rate of reaction when mass transfer of the 440 ; . .
reactant through the Nernst layer is quick. Cross-linking 440 460 480 500 520
affects diffusion by controlling swelling and, hence, internal Aexp (nm)

viscosity of the polymer. In general, the greater the volume rjqre 12, Emission maxima of free dansyl monomer vs emission
of solvent taken up by the polymer, the less the viscosity. maxima of dansyl monomer polymerized in MR. Degree of
Once the reactant reaches the active site, the rate of reactiomrosslinking is noted. Reproduced with permission from Shea, K.
with the bound species is critical. This will be different from J.; Sasaki, D. Y.; Stoddard, G.Nlacromoleculed989 22, 1722.
the rate in free solution, in the same way rates of reaction COPYNght 1989 American Chemical Society.
are altered by changes in solvent polarity. After completion are susceptible to spurious results due to variability in the
of the reaction the reverse sequence of steps leading up tgorosity of the material. Emission maxima anticipated by
the reaction are required, specifically, for diffusion of the Taft solvent parameters was compared to observed emission
product through the polymer and crossing the Nernst layer maxima of the polymer bound fluorescent probe in a variety
to get back into free solution. of solvents. As the degree of cross-linking increased, the
Fluorescence Spectroscopyresonance spectroscopies are degree of interaction between the solvent and the fluorescent
dynamic techniques in that they examine events that unfold probe decreased, as evidenced in Figure 12 by deviation from
over a relatively long time, relaxation of a dipole perturbed the expected behavior in free solution, noted as the diagonal
from an equilibrium state. Fluorescent and infrared spec- line. When ethanol, a known nonsolvent for CLPS, was
troscopies provide static information resulting from direct employed, the value of emission maxima obtained was the
observation of the effect of photons on the observed same as that for the dry polymer, indicating no interaction
transitions. Thus, static fluorescence spectroscopy providesbetween the solvent and the probe, as is to be expected.
an ideal complement to the dynamic resonance techniques. An examination of the diffusion of ionic species into CLPS
Fluorescence spectroscopy has been applied to the studyas appearet? Strong electrophiles, namely#&x"BF,~ and
of interaction between polymer backbone and solvent. The PhhC*BF,~ were left to diffuse into the dansylated polymer
fluorescence of the dansyl group is known to be highly in a mixture of dichloromethane/hexane. Quenching of the
dependent on its solvatidA! Thus, dansylated styrene dansyl fluorescence by these Lewis acids in free solution is
monomers were prepared and copolymerized into cross-nearly instantaneous. As cross-linking increased, the rate of
linked polystyrené?? By comparing the emission maxima quenching of the polymer bound dansyl probe decreased due
of the dansyl probe free in solution to the emission maxima to impeded transport of the electrophile to the site of reaction.
of the dansyl probe on the backbone of the swollen cross- Fluorescent probes have been used to examine the
linked polymer, the interaction between solvent and probe morphology of cross-linked polystyred#. Dansyl groups
can be compared to that free in solution. Subsequent analysisvere appended to styrene as previously described. In
of the fluorescence emission of the swollen cross-linked addition, metadivinylboenzene modified by addition of a
polymer then provides a glimpse of the interaction, at a dansyl group was copolymerized into the polymer. The
molecular level, between solvent and probe. While still probes were independently incorporated into polystyrene, and
qualitative, data obtained in this way provides more mean- their emission maxima examined. In a range of solvents, the
ingful information than merely recording swelling ability ~emission maxima of the styrene bound dansyl probe more
based on observation of macroscopic properties such as alosely mimicked free solution behavior than did the dansyl
change in volume or an increase in weight; both properties probe attached to DVB. From this it was realized that the
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dansyl probe situated on the cross-linker was less accessible
to solvent even in the swollen state, suggesting that sub-
stantial nodulation exists in the CLPS matrix. The same
study, but with a dansyl probe attached para-divinyl
benzene, would have provided more meaningful data on
commonly used CLPS.

A similar approach has been reported by Kurth and co-
workers!? In this approach, trityl ethers, as mono- or divinyl
monomers, were incorporated in the polymer attached to >
monomers or cross-linkers. Pyrene was attached to the trityl 1290 1270 1250 1230 1210
ethers by introduction of 4-(1-pyrenyl)butanol. Pyrene was cm’!
used as it exhibits an exmmer_when in close prOX|m_|ty .to Figure 13. FTIR spectra of polymer bound Fmoc-(Aj)ys(Boc)-
another pyrene unit. The excimer to monomer emission OR. Solid line in dry state, dashed line solvated with DMSO.

intensity ratio (/Im) was measured. Shifts in the relative Reproduced with permission from Larsen, B. D.; Christensen, D.
intensities provides information as to the ability of the cross- H.; Holm, A.; Zillmer, R.; Nielsen, O. FJ. Am. Chem. S0d.993

linked polymer chains to move about in the swollen state. 115 6247. Copyright 1993 American Chemical Society.
Excimer formation requires the encounter of an excited ) ]
pyrene with a ground-state pyrene at a distance 8.3 increase in fluorescence thrqughout the bead in V\?ﬁfﬂne_ _
A.126 |t was noted that the ratit/I,, was markedly lower a_cetamlde capped _TG subjected to the same conditions
for polymers having pyrenes solely as the cross-linkers, phsplay(_ad some residual fluorescence _due to noncovalgnt
further implying greater difficulty in forming the requisite ~ interactions with the fluorophore, but this was muted. This
associations. The solvents used were,Clior THF: the is qf use in that the FICT-PPT is an enzyme with a molelcular
degree of cross-linking was 6%. For the trityl cross-link, Weight greater than 23.5 kDa and it was seen even in the
solely para-vinyl groups off the phenyl ring were used. In  center of a 90um bead, providing evidence that TG is
good solventsld/l,, was noted to increase; in poor solvents, @menable to on-bead biological analysis in water.
it was reduced. Oddly, the cross-linked pyrene exhibited An analytical method using fluorescence spectroscopy for
greaterldl, in DMF than did the styrene bound pyrene. A the on-bead analysis of terminal aldehydes has been de-
similar phenomenon has been reported using radical probesscribed. By introduction of a fluorescent dansyl hydrazine
bound to both styrene and cross-linker exhibiting greater the corresponding hydrazone is formé¥As the hydrazone
mobility solely in DMF88 No good explanation was offered  is formed, fluorescence is lost, which is readily observed. A
except to mention that it cast aspersions on the observationsimilar approach to reaction monitoring using BVis
that simple steric crowding causes the differences. spectroscopy has been reportétn this report, the reagent

A similar experiment was performed using dansyl-doped Nitro phenylisocyanat®-trityl (NPIT) was affixed to amines
PS resins cross-linked with PE&.It was noted that while ~ With concomitant release of a trityl cation, which was readily
PS-DVB was less swollen by a range of common solvents S€€N &s an absorbance at 498 nm.
than PS-PEG, the overall trend regarding cross-linking was ~ Infrared Spectroscopy. The effect of swelling on peptide
the same. Interestingly, swelling did not appear to be a chains attached to a cross-linked polyacrylamide resin has
function of PEG tether length at low~Q%) cross-link ~ beennoted using IR. The IR spectrum of dry polymer bound
percent. At higher nominal degree of cross-linking (20%) Fmoc-(Ala}-Lys(Boc)-OR was nearly identical to the spec-
solvent uptake increased with increasing PEG length. Thetrum in DMSO, a poor solvent for polyacrylamide. The same
effect of mixtures of THF and water were examined. Both Peptide-resin mixture in DMF was markedly better resolved,
DVB and PEG as cross-linkers displayed nearly identical an consequence of easier chain mobility arising from
swelling below 50% THF. In all cases, as the proportion of Swelling*° This effect is depicted in Figure 13.
THF dropped below 50% poor swelling was observed for  On Bead Analysis by IR.Infrared spectroscopy has been
all resins having 2% CL, a consequence of the small overall extensively applied to the monitoring of reactions on solid
contribution of the polar PEG moiety to the polymeric matrix phases for decadé¥. There exists a surfeit of examples in
as a whole. Also, the fluorescence quenching of a dansylthe literature of the use of infrared spectroscopy for reaction
probe as previously installed was monitored. In this instance monitoring, either as simple admixtures in standard KBr
the PEG cross-linked resin demonstrated faster quenchingdisks!®? as single beads in a FTIR microspectrométér,
than did the DVB cross-linked resin. The enhanced solvent photoacoustic FTIR3 diffuse reflectance FTIR® FT Ra-
polarity imparted by the PEG aids in the quenching with man spectroscopy? or flow-through cell IR'3” An excellent
the polar electrophile. paper comparing and contrasting currently existing methods

A study on the physical properties of TG examined the has appearet¥® As with direct on-bead analysis by NMR,
interaction of fluorescein-isocyanate labeled porcine pan- IR approaches the utility of TLC for SPOS with the
creatic trypsin with amino TG. As a control, per-acetylated advantage of requiring less time.
amino TG was also treated with the fluorescent isocyanate The use of FTIR monitoring was applied to a study of
to account for nonspecific interaction between the large site-separation on solid suppott8 Wang resin was treated
enzyme and the resin. Interaction between the fluorescentwith diacid chlorides of varying length. If site isolation is in
enzyme isocyanate and the amino TG showed a markedeffect, then, after introduction of the first acid chloride to

e ) T QD -
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form an ester the second, equally highly reactive acid the solvent. Consistent with other studies, the rate of reaction
chloride, should not be able to react further to form a new varied inversely with bead size. Reactions were also per-
cross-link. The shift in carbonyl vibrations for the respective formed on resins with PEG grafts. The PEG resins afforded
ester and acyl chloride groups are readily discernible. Time substantially faster reactions. Swollen volume was not taken
course analysis demonstrated that all reactions were completénto account when comparing resins. A similar report
within 10 min. When a 2-fold excess of diacid chloride was examining the kinetics of reactions on polystyrene grafted
employed, extra cross-links were introduced. Using a 10- onto polypropylene has appearét.
fold excess of reagent, no extra cross-linking was observed. One of the main advantages of single bead monitoring by
This lack of additional cross-linking was attributed to the FTIR is the ability to readily perform kinetic experiments.
large excess of diacid chloride consuming all available sites This was exploited to great benefit in the monitofitigpf
for reaction prior to cross-linking. The Iength of the diacid tetran-propy]ammonium perruthenate (TPAFﬁ)oxidation
chloride, from C-2 to C-6, was found to exert no influence. of alcohols, an ear]y report of the app]ication of TPAP to
Another interesting approach to on-bead analysis has beerthe oxidation of a polymer bound hydroxyl group. Oxidation
the development of an on-line FTIR spectrometer capable of an alkyl hydroxyl group was found to be 98% complete
of monitoring resin beads directly from the reaction mixture in 40 min, similar to the time required in solutidf.This is
and analyzing ther¥? The flow-through cell described beneficial in that it points out that polymer-supported
allows for rapid sampling without the need to form a KBr reactions can indeed be quite quick, often not requiring the
disk or remove a bead from the reaction mixture. extended reaction times commonly reported in the literature.
The flow-through cell method was further used to examine A study on the effects of resin on rates of reactions as

partitioning of solvents into swollen beat$. Reagent  monitored by single bead FTIR provides useful insight into
partitioning refers to inclusion or exclusion of reagent by the dynamics of polymer-substrate interactiét¥sin par-
the swollen phase and is equivalent to partitioning between tjcylar, the rates of various reactions both on CLPS and on
immiscible liquid phases in a separatory funnel. The direction TG were examined. TentaGel is CLPS onto which has been
and degree of partitioning are functions of the relative grafted long PEG oligomers (50 ethylene oxide units).
SOIUb”lty of the reagent in the swollen bead and in the bulk Once formed, the PEG content of the resin approaches 70
solvent. For typical beads the solvent exerted an effect onwt 9. Thus, the influence of the PEG on the physical
the partitioning of the solute into the gel phase. For a series properties of the resin is profound. This is particularly evident
of imides and amides, increased uptake into beads occursp that reactions can be performed in water, a solvent to
with increasing substitution of nitrogen in DMF or THF,  \hich CLPS is completely impervious. TPAP oxidation was
while the opposite trend was observed in £LH. For  found to be four times faster on TG than on CLPS (1% CL
alcohols, a decrease in reagent uptake was noted as the lengfyas used for each). DIC/DMAP esterification was found to
of alkyl chain increased in all solvents. Simple filling of pores pe the same on both resins. Synthesis of hydrazones was
was accounted for by noting differences in vibrational 2 2 times faster on CLPS. Opening of a lactone was 18 times
frequencies for species bound to resin, and those merely infaster on CLPS. Thus, it is self-evident that rates of reaction
solution, or in the liquid-phase inside a pore. That entry of are not necessarily faster on the supposedly free-flowing PEG
small organic moleclues into the beads is not controlled by tethers. It should be noted that as the grafting of the PEG
size exclusion is an important result and points further to chains onto the CLPS occurs after polymerization, the actual
the solvent behavior of the swollen resin. effect is to reduce the free volume of the cross-linked
polymer. Also, the idea of free flowing chains does not take
entanglements between the linear oligomers into account;
A study of the kinetics of coupling reactions of peptides in the confined space they find themselves additional “virtual
on a solid phase has been repoi&d\ vessel able to extract ~ cross-links”, are no doubt in effect. These kinetic studies
aliquots of a solution and measure the UV spectrum of the did not consider a fundamental variable in any rate study,
solution above a resin bed was constructed. A disadvantagenamely, concentration. This study did not investigate different
of this apparatus is that only disappearance of starting swollen volumes, the effective volume which the reactant is
material is observable, and appreciable amounts of unreactedn, effecting the actual molarity of the bound substance. As
reagent will be sequestered inside the swollen resin, skewingreaction rates are concentration dependent, this is clearly a
results. Reactions were noted to be over in as little as 14 skey point when comparing rates of reaction on different
for coupling via either an active anhydride or DCC. Adding resins.
tethers off the polymer backbone had no effect on reactivity. The above paper discusses debunking the idea that TG is
It should be noted that the scale on which the reaction wasmore “solution-like”. So-called “solution-like” behavior was
performed was not mentioned. thought to arise from the supposed floating nature of the
A further report on the kinetics of amide bond formation, PEG tethers. As the comparison of the reactions (vide supra)
in this case attachment of a Knorr linker to a terminal amine, demonstrates, while haly this tethering should result in
has been reported® Disappearance of the amine was uniformly more rapid kinetics, this is not observed. Reaction
monitored by removal of aliquots and Fmoc estimation of with TPAP, a highly polar salt, may well be expected to
the free amine content remaining. The reaction, DIEA/ proceed at a higher rate owing to the hydrophilicity imparted
PyBOP coupling, on the same size bead was nearly 3 timesto the matrix by the PEG grafts. However, in no other case
as fast when CkCl, was the solvent than when DMF was were faster rates observed. These experimental results

Kinetics of Solid-Phase Reactions
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provide the first report of the realization that the matrix of
the swollen polymeis the solvent, not merely “solution-
like”.

Miscellaneous Methods

The use of small angle neutron scattering, (SANS), has from

been applied to the study of highly cross-linked polystyrene.

Reviews

polymer and solvent, the swollen polymés the solvent as
surely as a mixture of THF and benzeisea solvent, not
merely a liquid having solvent-like properties.
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having been prepared with large proportions of cross-linker;
however, the results provide some insight into the physico-
chemical changes incumbent on solvent swelling. It was
noted that for a nonsolvent, ethanol, the proportion of
porogen employed during polymerization increased the pore
size, the pores of which were closed to ethanol, a nonsolvent
for CLPS!*° By contrast, with the use of a good solvent for
CLPS, for example toluene, it was noted that the pores
opened up, relaxing their structure and permitting toluene
to entert®® The pore structure of the dry polymer is clearly
different from that of the swollen polymer. SANS permits
the study of changes in resin porosity. The experimental
protocol adopted to note differences was to use a solvent
with a high contrast of neutron scattering between solid and
liquid, i.e., deuterated solvents.

Lithium salts have been implicated in increasing yields
of peptide coupling reactions in solution by modification of
challenging conformation$! In a study of the coupling
efficiency of peptides on some resins, CLPS and TG, it was
noted that for some peptides the rate of swelling is increased
by the presence of 0.4 M LiCl. The kinetics of the reaction
were also affected, although not in a predictable fashion. In
the more polar TG resin coupling efficiency was markedly
improved by addition of sal&?

A method has been devised to directly examine the
mechanical strength of individual swollen beadscritical
concernt> Swelling of the beads was found to decrease the
penetration modulus by 100 times for cellulose. The modulus
depended on the radiusg) (of the beads. When> 0.4 mm
the penetration modulus was independent of radius, when
< 0.4 mm the moduli increased with decreasmdn the
swollen state, moduli for Amberlite were comparable to
cellulose; however, no comparison to the dry beads was
made.
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