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Reversibly Cross-Linking Amino-Polysiloxanes by Simple Triatomic Molecules. Facile
Methods for Tuning Thermal, Rheological, and Adhesive Properties

Tao Yu,* Koji Wakuda, *° Daniel L. Blair,' and Richard G. Weiss*
Departments of Chemistry and Department of Physics, Georgetown UniNersity, Washington, D.C. 20057-1227

ReceiVed: January 6, 2009; ReVised Manuscript ReceiVed: February 20, 2009

The physical properties of bve siloxane polymers with different types and frequencies of amino functional
groups along the polymer side chains have been manipulated from Rowing liquids to gels and to rubber-like
materials by the simple addition or subtraction of a neutral triatomic moleculeoGCHs, at room temperature.

The chemical changes, formation of ammonium carbamates and ammonium dithiocarbamates, create material
whose properties are totally different from those of the parent polymers as a result of the introduction of
ionic cross-links. These materials can be returned to their original forms by heating (in the case ofthe CO
adducts) or to their protonated original forms by treatment with an acid (in the case of thand@C$
adducts). Heating the ammonium dithiocarbamates leads to lossSoaiktl permanent (covalent) thiourea
cross-links between the polymer chains. The new materials adhere strongly to other surfaces and can be
swelled to several times their original volumes by different liquids. The rheological, swelling, and physical
properties of the new materials have been correlated with the structures of the original polymers to provide
a comprehensive picture of how changes at the nanometric length scale are translated to macroscopic change
At least for the polysiloxanes examined here, the properties of the adducts do not correlate with the molecular
weights of the original polymers, but do with the frequency of amino groups. The results demonstrate a
simple, new method to cross-link polysiloxanes (and, in principle, a wide range of other polymers), transforming
them into materials with totally different and potentially commercially useful properties.

Introduction dosieve plate polysiloxanes, are three-dimensional structtires.
The nature and extent of the chain cross-links can be varied
and each change leads to materials with different chemical and
physical properties. The cross-links can be covalent or nonco-
valent (e.g., hydrogen bondiffymetal coordination® etc.).
Although the cross-linking can be reversed in some cases, it
does not yield the original materials without performing
signibcant physical or chemical manipulations. Clearly, a
reVersible cross-linking strategy that requires benign changes
to the material mild conditions, and allows the noncross-linked

Polysiloxanes are among the most studied and commercially
important partially inorganic polymers in use todafheir
backbones are very Rexible, allowing easy interconversion of
conformers. They also have interesting gas permeability and
unusual surface propertiéés a result, they are used in a myriad
of applications, such as drug-delivery systehisgh-perfor-
mance elastomefsmembrane$, adhesive$, coatings] soft
lithography stamp&and self-healing materialsThe low energy

of interaction among polysiloxane chains is responsible for two q inked f b di ith L
of their interesting attributes, high malleability and relatively 2"N¢ CroSS-linked forms to be recovered intact without signibcant

low viscosity. These can also be disadvantageous becausé&ffort would be desirable. We describe such strategies here and

polysiloxanes cannot be made into bbers and immobilized pims€*Plore how the properties of the noncross-linked and cross-
without signiPcant structural modibcations (N.B., cross-links linked states differ.
between chains). It would be advantageous to be able to The basis for our approaches is grounded in simple organic
interconvert polysiloxanes between low and high interaction chemical transformations that have led to the development of
energy states so that they can be processed for different purposetgversible organogel$jonic liquids;” and reversible solvent§,
without expending a large effort or expense. CO; bxation-release systertfand supermolecular polymeis.
Many modibcations of the parent polysiloxane structure are It is known that simple, neutral XY =X triatomic molecules,
known. Usually, a fraction of the methyl groups of the most in which the X atoms are much more electronegative than the
common polysiloxane, poly(dimethylsiloxane) (PDMS), are Y atom (e.g., C@and C$), can become Obridge-linkersO for
substituted by a group containing a different length or func- amino groups?? We reasoned that it should be possible to
tionality (i.e., a one-dimensional structural chantfe)adder exploit the general chemistry shown in egs 1 and 2 to transform
polysiloxanes possess two-dimensional structural featlires, weakly interacting chains of uncharged polysiloxanes with
while cross-linked polysiloxanédjncluding tubular and pseu-  substituent amino groups int@rongly interacting chains via
attractive electrostatic attractions between positive and negative
part of the OHiroshi Masuhara FestschriftO. ) ) charged centers that lead to cross-links. In a medium of low
geo%%tgvvvr?g]dﬁf) rrespondence should be addressed. E-mail: welssr@ ho|arity such electrostatic forces can be very strong because
aDepartment of Chemistry. they vary with the inverse of dielectric constdhtand the

® Current address: Chemistry Department, Engineering Science School, dielectric constant of silicone polymer is only 3.8.5%

Osaka University, Machikaneyamamachi, Toyonaka, Osaka 560-8531, .
Japan. Y Y Y Reversal of the C@generated ammonium carbamate cross-

' Department of Physics. links can be effected by warming the material under air or, more

10.1021/jp900115g CCC: $40.75" 2009 American Chemical Society
Published on Web 03/23/2009



Reversibly Cross-Linking Amino-Polysiloxanes J. Phys. Chem. C, Vol. 113, No. 27, 2009 11547

SCHEME 1: Structures of Polysiloxane Samples and a General Scheme for Their Reactions with G@nd CS,
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rapidly, by bubbling an inert (displacing) gas, such as molecular attenuated total ref3ection accessory or NaCl plates. Thermal
nitrogen, through the sample (eq 1). Our experience is that thegravimetric analysis (TGA) measurements were conducted under
analogous ionic cross-links achieved with ££Z&mmonium a dynamic nitrogen atmosphere (60 %min unless stated
dithiocarbamates, are not amenable to revef8ddut heating otherwise) at a 5 deg/min heating rate on a TGA Q50 thermo
produces (permanent) covalent thiourea cross-links instead (ecgravimetric analyzer (TA Instruments, New Castle, DE) inter-
2). Clearly, the degree of cross-linking can be controlled by faced to a computer. Differential scanning calorimetry (DSC)
the amount of amine functionality of polysiloxanes (as well as measurements were recorded on a DSC Q200 calorimeter (TA
by the amount of the triatomic molecule added to the polymer; Instruments, New Castle, DE) interfaced to a TA Thermal
vide infra). In this way, the thermal and rheological properties Analyst 3100 controller, and equipped with a refrigerated
of the polysiloxanes can be tuned easily. Compared with cooling system (RCS90) to control the cooling rates. Samples
conventional cross-linking methods, this strategy has the were sealed in aluminum cells and heated at 10 deg/min under
advantages of being rapid, isothermal, inexpensive, and (with a N, atmosphere. Rheological experiments were performed on
CO,) reversible. an Anton Paar Physica MCR 301 rheometer (Anton Paar GmbH,
Graz, Austria), using a parallel plate (radius 25 mm, gap 0.5
mm) or cone-and-plate (radius 25 mm, gap 0.5 mm, cone angle

o

CO, _H_n_@ ® N, 2R-NH, + . i
2R-NH; ——> R-N=C-0O HyN-R —1— 2+ CO, ™M 1°, truncation 49um) geometry. Samples were equilibrated at
25°C for about 5 min before starting measurements (@b
S S . . . . . .
HT O o H R H in order to eliminate any mechanical hysteresis. Dynamic
2R-NH, L8, rR-C-8 HsN-R B . R-N-C-N-R + H,8 @ y Y y

frequency-sweep spectra were conducted in the linear viscoelas-
tic regime of each sample as determined by dynamic stress-
Here, we describe how these simple cross-linking methods sweep tests. All measurements were carried out within one week
change the thermal, rheological, and adhesive properties ofof sample preparation. The percentage of,@ptake (percent
polysiloxanes with up to 15% (by monomer content) of amino- CQ,, based upon the stoichiometric amount calculated from the
functional groups (PSil). The resulting polymers after addition amino content of a PSil) was measured with a mercury buret
of a triatomic, PSil-CQ or PSil-CS, possess viscosities and  apparatus that is based on a design described in ref 26.
adhesiveness that are several orders of magnitude hlgher than Materials. 3-[(2-Aminoethy|)amino]propy|methoxy3i|oxaﬂe
those of the PSil. As expected, the PSil-Q@n be reconverted  dimethylsiloxane copolymerwith 24% amino content (£24)PSil),
to their PSil forms by warming and bubbling through them  3-aminopropylmethylsiloxaredimethylsiloxane copolymer with
(Scheme_ 1); this cycle has been repe_ated witho_ut detectables- 794 amino content ((67)PSil), and 3-aminopropyl-termi-
degradation. Also, as expected, warming the PSi-€Sults  nated polydimethylsiloxane with (3.23.8)% amino content
in permanent thiourea cross-links and loss ¢8F However,  (3psil) were from Gelest, Inc. which supplied the characteriza-
the triatomic adduct can be removed from both the PSH-CS  tjon data also. For 24)PSil: bp>205°C, mp<- 60 °C, and
and the PSil-C@by treatment with an acid such as acetic acid gynamic viscosity) 200- 300 mPasM,, not reported. For

or trikuoroacetic acid, to produce protonated PSil that are (5. 7)psil): bp>205°C, mp<- 60 °C, weight-average molec-
Bowing liquids. The results demonstrate that the simple chemical 5y weight M, ~ 4000 5000, and dynamic viscosity

changes effected by addition or removal of a triatomic molecule gg. 120 mpas. For 3PSil:M,, ~ 850- 900 and viscosity)

to one of the PSil as a bulk polymer can change its properties 10. 15 mpas. 3-Aminopropylmethylsiloxanedimethylsiloxane

in extraordinary fashions of both fundamental an applied interest. .o holymers with 10% and 15% amino groups (LOPSil and

Furthermore, the magnitude of those changes can be tuned by 5pgjj respectively) were gifts from Dr. Dmitri Katsulis and

the amount of amino functionalities in the PSil. Mr. Kenneth E. Zimmerman of Dow-Corning Corp., who also

supplied their characterization data. For 10P&f}; ~ 9950,

polydispersity (PD)) 1.71, and dynamic viscosity 100
Instrumentation. IR spectra were obtained on a Perkin-Elmer mPags. For 15PSil:M,, ~ 9650, PD) 1.71, and dynamic

Spectrum One FT-IR spectrometer interfaced to a PC, using anviscosity) 100 mPas. All reagents were used as received

Experimental Section
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unless stated otherwise. Organic solvents for the swelling of
gels were reagent grade or better (Aldrich). Carbon disulbde
(anhydrous, 99.9%) was purchased from Aldrich. Carbon
dioxide gas was generated by warming dry ice and was dried
by passing it through a tube blled with Drierite (Ca$pO

Sample Preparations Synthesis of Ammonium Carbamate
Polysiloxanes (PSil-C0O»). Dry CO, gas was bubbled gently
through a stirred polysiloxane sample in a glass vial for 1 h.
The vial was placed in a water bath during the G@dition to
dissipate the heat from the exothermic reaction.

Synthesis of Ammonium Dithiocarbamate Polysiloxanes
(PSil-CS;). Two molar equivalents of carbon disulbde were
slowly added to a PSil in a closed glass vid¥agning: Carbon
disulfide is a pungent, poisonous, highly Volatile liquid that
should be used with appropriate precautions.) The vial was
sonicated in an ultrasonic cleaner fbh and allowed to stand
for 2 days, then the contents were placed under a house vacuum
for 24 h to remove excess @S

Synthesis of Thiourea Cross-Linked Polysiloxanes (PSil-
CS,-H). The procedure above was followed but the sample was
heated to 120°C for 1 h and cooled to room temperature 3
times instead of being placed under a house vacuum. The

Figure 1. Before (left) and after (right) bubbling GQhrough neat
(6- 7)PSil at 25°C.

Transmittance (rel)

resulting material was kept in a vacuum oven af@or 24 h 3500 3000 2500 2000 1500 1000
to remove any dissolved 3 and residual CS The thiourea- Wavenumber (cm™)
containing samples are slightly yellovWgrning: H,S is a Very

Figure 2. Vertically offset IR spectra of 3PSil (a), 3PSil- ,
toxic gas that should be handled with appropriate precautions.) 3PgSiI-C$ (), and gPSiI-C@H (d?. @ c@)

Acidification Experiments. Either acetic acid or trilBuoroacetic
acid (1 mL) was addedotl g of PSil-CG, or PSil-CS in a
closed glass vial and the mixture was stirred for 1 h. be monitored conveniently by FT-IR spectroscopy (Figure S1
Procedure for Swelling. A weighed aliquot (ca. 50 mg) of  of the Supporting Information with ¢(67)PSil as an example).
polymer and 3 mL of a liquid were placed in a closed screw- After CO, bubbling, a G=O stretching band at 1640 c
cap glass vial for 24 h. The polymer was removed, its surface typical of a carbamat&,was observed as a shoulder. In addition,
was dried quickly on a piece of blter paper, and it was & medium strong band, centered at 1586 troan be assigned
reweighed. The swelling ratio (S%) was calculated by eq 3, to the N H bending?® the corresponding peak was located at
whereW, and W, are the weights of swelled and dry polymer, 1598 cm*in (6- 7)PSil before C@bubbling and after passing

respectively. N, through (6 7)PSil-CQ. Also, a band ascribed to the
asymmetric vibration of €Si- C shifted to 1472 cm' upon
S%(wiw)) [(Wy- W)W, # 100% 3) bubbling CQ through the (6 7)PSil. The change in the IR

The temporal uptake of liquid was determined by removing frequency demonstrates that a chemical change occurred, and

the polymer at different times from the liquid, weighing it, and it i;_re_z?s?nable to ascril:;et:]t to th.e up:take_ OftZ%O Ivsil
placing it anew into the liquid until no weight increase could imilarly, €xposure of the amino-terminatéd polysiloxane
be detected 3PSil to CQ led to a rapid increase in its viscosity. The infrared

spectrum in Figure 2 for the product of the reaction is consistent
Yvith the 3PSIil-CQ structure; its new absorption bands are
almost the same as those found in the spectrum of 15PSil-CO
The formation of ammonium dithiocarbamates in polysiloxanes
upon addition of Cgis also indicated by FT-IR spectra. An

Adhesion Test Procedures. An aliquot of polymer was placed
on the steel base plate of the rheometer, and the upper paralle
steel plate was moved into contact with the upper surface of
the polymer. The initial gap was set at 0.15 mm. The system
was left undisturbed for 10 min to form an equilibrated . ~
interfacial contact. Then, the top plate was lifted vertically to a N- H bending band was found at _1552 ciand the bands at
plate gap of 0.50 mm. The normal force response in this proces;s1370 qnd 945 le. can be ass'gf'ed to =€5 and C-S
was recorded by the rheometer. All measurements were stretchings, respectivefy. Upon heating a 3PSil-GSsample

performed at 25°C. No data were collected with PSil-€S 10 120°C (to form 3PSi-CgH), the N- H stretching band Sh.'ﬁs
because the force required exceeded the capabilities of the.from 3.190 cm’ to 3068 C.ml as a result O.f H-bonding
rheometer. interactions. The €S stretc_hlng band at 945 cis no longer
present and the=€S stretching band shifts to 1348 thi® The
IR frequencies for the thiourea groups in 3PSil;E8are very
similar to those found in the spectrum @fN$dialkylthioureas
Characterization of Polysiloxanes.Bubbling CQ through obtained by heating alkylammonium alkyldithiocarbamates.
the stirred polysiloxanes for a few minutes resulted in a  Weight Percent CO, Uptake. The temporal course of uptake
noticeable and signibcant increase in viscosity (Figure 1). In a of (1 atm) CQ by the polysiloxanes has been followed. Because
separate experiment reported in Figure S4 of the Supportingthe uptake rate is dependent on the surface area of the
Information, a Rowing 15PSil sample like that at the left was polysiloxanes exposed to the @@as and the rate of stirring,
regenerated by bubbling,Njas through its nonf3owing 15PSil-  neither of which can be reproduced exactly, no attempt has been
CO; analogue at 80C (to increase the rate of displacement of made to compare quantitatively rates of uptake by the different
C0O,). The cross-linking from formation of ionic pairs, as PSil polymers. However, the surface area and stirring rate in
ammonium and carbamate centers are created (Scheme 1), cae@ach run were nearly the same, so that the order of rates among

Results and Discussion
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Figure 3. TGA curves of 3PSil-CSH (a) heated from room o8 o e o ¥
o

temperature, neat 3PSil (b), 3PSil-©), and 3PSil-Cg(d). Difference
curves between 3PSil and 3PSil-E€irves (e) and between 3PSiland  Figure 4. Swelling ratios of (6 7)PSil-CS (M) and (6 7)PSil-C$- H
3PSil-CS curves (f) are shown as well. (@) in various liquids at 25C.

the PSil is known qualitatively. The plateau (saturation) values nitrogen Row, and good reversibility at elevated temperature
for uptake are independent of both variables and, therefore, arewith nitrogen 3ow.
reproducible quantitatively. Swelling and Kinetics of Swelling.The cross-linked PSils

A typical plot for (6 7)PSil is shown in Figure S5 of the can be swollen into gel states by a variety of liquids. An
Supporting Information. The other polysiloxanes behaved in an example, the increase in size of-(8)PSil-CS swelled by
analogous fashion. The uptake was rapid during the brst 5 minhexane, is shown in Figure S9 of the Supporting Information
and reached its maximum;130% of the expected amount for  and the weight increases observed after swelling with a variety
complete reaction, after ca. 60 min. The 30% excess is ascribedf liquids are displayed in Figure 4. We attribute the greater

to physically adsorbed CG? swelling capacity of (6 7)PSil-CS than (6 7)PSil-CS-H to
Thermally Induced Changes and Stabilities Examples of the ability of the ionic cross-links of the former to ORoatO from
the weight losses from heating 3PSil, 3PSil-C3PSIl-CS, one position to another in a manner that maximizes the network

and 3PSil-CgH by TGA are collected in Figure 3. The stability in the presence of a liquid; covalent cross-links are
difference curve between 3PSil-G@nd 3PSil shows a 4.0% ObxedO and, therefore, unable to readjust to the presence of a
higher loss at 80°C from 3PSil-CQ than from 3PSil; the swelling liquid. Even before swelling, {67)PSil-CS-H is a
calculated weight of C@in 3PSil-CQ, assuming complete  much stiffer material than ¢67)PSil-CS. The swelling ratios
conversion, is ca. 4.0%. We assume that the excess (i.e.reported here are larger than those from other cross-linked
physically adsorbed) CQs lost over time as the 3PSil-GO  poly(dimethylsiloxane) gel¥ probably as a result of the longer
samples equilibrate with air. side chains in the PSil and the triatomic cross-linkers which
Similarly, heating 3PSil-CSresults in a 2.8% weight loss at  leave the 3-D networks more Rexible (i.e., the cationic and
120°C. This value is close to the 3.1% loss predicted if each anionic centers remain paired, but the specibc groups constitut-
of the ammonium dithiocarbamate ion pairs loses one moleculeing the pairs can change with time and degree of swelling).
of H,S2° As expected, the thiourea-containing polysiloxane, = As mentioned above, the degree of cross-linking can be
3PSil-CS-H, is more stable thermally than its ionically cross- controlled also by the amount of the triatomic molecule added
linked analogue, 3PSIl-GS to the polymer. Thus, 0.4 equiv of G®as added to 15PSil to
Representative DSC thermograms of polysiloxanes are col- simulate the degree of cross-linking in fully reacted ®BPSil.
lected in Figures S6 and S7 of the Supporting Information. The Under these conditions, swelling ratios in hexane were 330%
prst-heating thermogram of 15PSil-g€Gncludes a broad for 15PSil-0.4C% and 250% for 15PSil-0.4GSH (i.e., the
endotherm that extends from 60 to 12D that is attributed to sample of 15PSil-0.4G$hat was heated and then swelled). The
loss of CQ. The brst-heating thermogram of 15PSil.G@as a corresponding (67)PSil samples have swelling ratios in hexane,
broad endotherm from 75 to 15C that is in good agreement  360% and 280%, that are very near these values. From this
with the expectation from the TGA results thatSHis being observation, we conclude that the ammonium dithiocarbamate
lost. No subsequent exotherms or endotherms were detectectross-links are not affected in an important fashion by the
during the brst cooling or second heating of the sample; presence of free amino groups on the polymer chains. However,
conversion of ammonium dithiocarbamate to thiourea is com- when the nature of the amino groups differs, as they do between
plete after the initial heating. (2- 4)PSil, in which each side chain contains one primary and
The isothermal stability of DPAS-15-G@vas monitored by one secondary amino group, and 15 PSil, in which each side
TGA. The reversion of the ionic to uncharged forms of the chain contains only one primary amino group (see Scheme 1),
polysiloxanes is very slow at 28C in the presence of a dry the properties of the partially reacted 15PSil do not match those
nitrogen gas Row of 60 cfimin (0.70% weight, corresponding  in which all of the amino groups of (24)PSil are thought to
to ~0.16 equiv of CQ@, was lost during 60 min) and is even be reacted (vide infra).
slower in the absence of a wind (0.08%e2 x 10 ? equiv of The kinetics of swellingf of these two polysiloxanes by
CO, was lost during 60 min) (Figure S8b of the Supporting hexane has been investigated as well (Figure S10 of the
Information). At 75 or 100C, 96% of the weight loss calculated ~ Supporting Informationy® Swelling of (6 7)PSil-CS is rapid
for total removal of the C@is achieved after less than 5 min  during the Prst several minutes and reaches an equilibrium after
with N, Bow (Figure S8a of the Supporting Information). ca. 2 h; its rate and its equilibrium value are higher than those
Taken together, these results clearly demonstrate that the PSilof (6- 7)PSil-CS-H. The smaller spaces intrinsically available
CO, have good thermal stability at room temperature without to hexane molecules between chains in the thiourea-cross-linked
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Figure 5. Viscosities (Pas) of samples before and after bubblingCO  at 25°C.
as a function of shear stress (Pa) at°25 15PSil-CQ (®), 10PSil-
CO, (v), (6- 7)PSIl-CQ (m), (2- 4)PSil-CQ (a), 3PSIl-CQ (¢),

15PSil ©), 10PSil &), (2- 4)PSil Q), (6- 7)PSil (1), and 3PSil ¢). molecular weights, have been compared. Addition of, ©®
CS; increased the viscosities of both (Supporting Information,
— 0.02 Figure S14). Also, the stronger attachment of, @&n CQ to
e " - the amine groups and the greater polarizability of the dithio-
&5l g carbamate make the viscosity of 3PSil-.Cfigher than that of
-5 3PSIl-CQ, but both are less viscous than their- @PSil
Q200 = analogues which can form 3-dimensional cross-linked networks
& 150 " o oo in the presence of one of the triatomic molecules.
e I T 0 The viscosity of the (thiourea-containing) 3PSil-&$ made
;100 [ — o g by heating 3PSil-CSto ca. 120°C, is ca. 2&k that of its
® 50F oemm — 8 immediate precursor. The large increase can be attributed to
3 i ] o the covalent nature of the thiourea links between 3PSil chains
§ °r ) %’ o > and the ability of the thiourea groups to establish strong
0 2 4 6 8 10 12 14 18 200 H-bonding network$23° The loss modulu§$®f this material
% amine exceeds the storage moduldzs over the entire range of
Figure 6. Viscosities of PSil[, right Y-axis) and PSil-CQ(H, left frequencies examined and is a strong function of frequency
Y-axis) versus % amine functionality. (Figure S15 of the Supporting Information), wher€sis nearly

independent of frequencyj$of all of the polysiloxanes with

polysiloxane networks (vide ante) can account for both amino groups on side chains is strongly dependent on frequency
observations. (Figure S11, Supporting Information). In addition, the viscoelas-

Rheological Properties. To determine the relationships tic properties of 3PSil-CSndicate that this material is like both
among amine content, polymer structure, and viscoelastic a viscous liquid and a gé?.
properties, both static and dynamic rheological studies have been However, (2 4)PSil-CS exhibits a different rheological
conducted on the polysiloxanes before and after exposing thembehavior from the other polysiloxane samples, whether they are
to one of the triatomic molecules. Figure 5 displays steady- treated with CQ or CS (Figure 7). Its viscoelastic response
shear rheological data for the polysiloxanes before and aftercan be divided into two regimes: at lower frequenci€$$
cross-linking by CQ. Viscosities [, Pass) are independent of  exceedsG$(a viscous response); at higher frequencies, above
shear rate, as expected of Newtonian ligdfdsiowever, ! the crossing point'(;, where the system relaxation ting, is
increases by ca. 3 orders of magnitude after each PSil is exposeda. 1! ), G$®ecomes lower thag$(an elastic response of a
to CQ,. The increase in viscosity is especially noticeable in the transient entangled netwdtk Its steady-shear rheology differs
two polysiloxanes with the highest amino group contents, from those of the other C9and C$-treated polysiloxanes as
10PSIl-CQ and 15PSil-C@ well (Figure S12 of the Supporting Information): at low angular

The viscosities of the PSil-COncrease in a regular fashion frequencies, viscosity increases with increasing shear stress (Pa);
with increasing amino group content (Figure 6). Although there above the critical shear stress, the viscosity becomes independent
is no apparent relationship between amino group content andof shear stress, as expected for a Newtonian liquid: in behavior
the ratio of the PSil-CQ and PSil viscosities (Table S2 of the typical of viscous liquids, bothG$ and G$$increase with
Supporting Information), the viscosities of the neat PSil increasing angular frequencies (Figure S11 of the Supporting
polymers are known to be proportional to their molecular Information); these are extremely viscous Ruids without gel-
weights3” We emphasize here that cross-links within the 3PSil- like properties.
CO; network do not result in a true 3-dimensional netwoitie As mentioned above, partial reaction of 15PSil with,@s
amino end-groups can extend the lengths of the chains only effect cross-links has a different consequence than that when a
and, thus, produce 1-dimensional topological networks that canpolysiloxane with amino groups of a different type and in a
appear to be pseudo-3-dimensional networks if the chainsdifferent distribution along a chain, such as- @PSil, is
intertwine or their cationanion pairs aggregate in pairs, completely reacted with GSThus, addition of 0.2 equiv of

providing quadrupolar interactions. CS, to 15PSil, to simulate the frequency of ammonium
The rheological properties of two polysiloxanes containing dithiocarbamate groups in{2)PSil-CS, led to polymers with
comparable frequencies of amino groups but one 4PSil, very different rheological properties (Figure S13 in the Sup-

capable of making 3-D cross-linked networks and the other, porting Information). These results, in combination with those
3PSil, capable of making extended 1-D structures with increasedfrom swelling 15PSil-0.4CS (to simulate (6 7)PSil-CS),
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T Ty have strong adhesive forces to glass in the opening mode (i.e.,
] pulling the plates apart by applying a force perpendicular to

1 w ] the plate surfaces); the forces are weaker for Tel3on, paper,

g w0tk G o | cardboard, and copper, but all are substantial. Adhesion to any

: i of the materials tested was much stronger for the PSyt6&n

g for the corresponding PSil. We note that adhesion of 15PSil-

s | W ] CO; even to TelR3on was rather strong.

O 102k G" i We also evaluated the qualitative adhesiveness of the PSil-
] E CO, under different environmental conditions. There was no

i ] discernible difference in the adhesion of 15PSil-G®copper

P re— plates during 24 h when the sandwiched samples were left in

10 Shear Strain (%) . . air or submerged under tap water. In both cases, the contact

surface area of the polymer to the outside environment was very

small, conditions that disfavor loss of @@a out-diffusion and

Figure 8. Storage G$ @) and loss G$$0) moduli of (6 7)PSil-CS

at2s°c. entry of water via in-diffusion. However, the substrates could
T T T T T be separated much more easily when a sandwich was warmed
10° 3 for several minutes to 40C (i.e., below the CQ loss
sseeest® temperature according to DSC and TGA measurements);
E \ G ; recooling the same sandwich to room temperature increased
= 10 3 again the adhesive strength.
o Acidibcation Treatment. It is known that protonation of the
2 . carbamate of the dithiocarbamate groups results in a rapid loss
0 G" 3 of their triatomic moieties and formation of ammonium
© ] groups?**When the ammonium carbamate being treated is part
: of a polymeric material, addition of acid causes a precipitous
100 i rieul VPPV decrease in viscosity, analogous to that experienced by am-
10° 10" 10° 10’ 10° monium carbamates when they are heated to remove'©@
Angular Frequency (rad/s) Similarly, decarboxylations of the PSil-G@ere effected upon
gisggée 9. Storage ($ ®) and loss ($$0) moduli of (6 7)PSil-S at application of an acid to their surfaces; the viscosities were

reduced and small bubbles (presumably,C®ere formed in
the materials when acetic acidkp4.8) was added. However,
demonstrate that the structure of the amino-containing polysi- the PSil-C$was converted to Bowing liquids only after addition
loxane must be considered carefully when attempting to of the stronger triRuoroacetic acidKp0.5).
understand the consequences of adding=dY»X cross-linker.
According to the dynamic strain sweep measurements in
Figure 8, (6 7)PSIl-CS is a soft elastic materiat;$decreases
as shear strain increases. Howevéfi$increases and then We have developed a facile method for the cross-linking of
decreases in the high-strain region. This behavior, a Oweak straipolysiloxanes with amino functionalities via addition of an
overshootO, arises from the strain-induced imbalance betweemincharged triatomic molecule, G@r CS.The cross-linking
the formation and destruction of network junctidAdf the with CO, can be reversed easily by mild heating while that with
polysiloxane backbones with ammonium dithiocarbamate groupsCS; cannot be-warming the ammonium dithiocarbamates that
(as well as those with ammonium carbamate groups) are highlyare formed upon exposure of the PSil to,@&sults in covalent
extended as a result of the electrostatic repulsion from the thiourea cross-links and expulsion of$ The changes of the
charged centers, the resultant microstructure networks can resisthermal, rheological, and adhesive properties of the polysilox-
deformation while a weak strain is imposed af#i$ncreases. anes before and after ionic and covalent cross-linking have been
However, the microstructures are destroyed by large strains,examined as a function of the degree of amino substitution on

Summary and Conclusions

decreasing5$$ the polymer chainsseveral of the properties of the systems
On the basis of the observations in Figure 8, the dynamic can be OtunedO by varying the amino group content along the
rheological data for (6 7)PSil-CS in Figure 9, showing a gel-  polymer chains. A remarkable aspect of this work is the

like behavior-the storage moduluG$greatly exceeds the loss  extremely large increases in the viscosity and adhesiveness that
modulusG$®ver the entire range of frequencies and both moduli can be attained simply by bubbling @@r adding C9) through

are almost independent of angular frequenee® not surpris- the polymers. Although there is a direct relationship between
ing. The lack of frequency dependence indicates that the samplehe absolute viscosity and the amount of amine functionality
does not relax in the time frame &f100 s. The (6 7)PSil-CS in the polymers after addition of a triatomic, no correlation was
swollen by chloroform and ethyl acetate and PSil-ESwollen obvious before, where molecular weight of the polymer chains
by hexane also behave rheologically like gels (Figures S16 andappears to be the most important factor. The strong adhesion
S17 in the Supporting Information). of the PSil-CQ polymers to various substrates, combined with

Adhesion Tests.PSil-CO, samples adherédi strongly to their reversibility to the original PSils (and loss of adhesive
several different surfaces. Figure S18 of the Supporting strength) opens prospects for creating reversible, stimuli-
Information provides quantitative data for the adhesion to steel responsive adhesivEsor sealants in which adhesion can be
as a function of amino group content. Although adhesion is controlled by environmental conditioA$.
highest for 15PSil-Cg) the dependence on amino group content  The PSIil-C$ and the PSil-CgH materials that they yield
is not linear. The ability of the PSil-CQo adhere to otherrigid  upon heat treatments are also polymer gels, and their gel-like
substrates has been examined only qualitatively as a result ofproperties are apparent from their ability to be swelled to several-
instrumental limitations. The results indicate that the PSiCO fold their original volumes by some organic solvents. Again,
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this ability to be swelled and deswelled may lead to interesting
new applications for polysiloxanes. Although heating the PSil-
CS; cannot reconvert them to their PSil forms, as can the PSil-

Yu et al.

(9) (a) Cho, S. H.; Andersson, H. M.; White, S. R.; Sottos, N. R.; Braun,
P. V.AdV. Mater. 200§ 18, 997D1000. (b) Wu, D. Y.; Meure, S.; Solomon,
D. Prog. Polym. Sci. 2008 33, 479D522.
(10) (a) Abe, Y.; Gunji, T.Prog. Polym. Sci. 2004 29, 149D182. (b)

CO,, exposing them to a strong acid produces ammonium groupsAbbasi, F.; Mirzadeh, H.; Katbab, A. ARolym. Int. 2001, 50, 127991287

along the chains (i.e., protonated PSil) that Bow again like
liquids, have lost their gel-like properties, and are no longer
strong adhesives.

In summary, we have demonstrated that simple organic

chemistry can be applied to a set of complex polymers to change
enormously their macroscopic properties.The nature of thoSe 3 cpem. Marer. 2008 20,

(11) (a) Zhang, X.; Xie, P.; Shen, Z.; Jiang, J.; Zhu, C.; Li, H.; Zhang,

T.; Han, C. C.; Wan, L.; Yan, S.; Zhang, R. Bngew. Chem., Int. Ed.

2006 45, 3112b3116. (b) Zhou, Q. L.; Yan, S. K.; Han, C. C.; Xie, P.;
Zhang, R. BAdV. Mater. 2008 20, 2970D2976.

(12) (a) Zhang, Z. C.; Sherlock, D.; West, R.; West, R.; Amine, K.;
Lyons, L. J.Macromolecules 2003 36, 9176©9180. (b) Ngoumeni-Yappi,
R.; Fasel, C.; Riedel, R.; Ischenko, V.; Pippel, E.; Woltersdorf, J.; Clade,
3601D3608.

changes have been documented step-by-step through a combina- (13) zhang, Y.; Cao, M.; Guo, G. Q.; Sun, J.; Li, Z.; Xie, P.; Zhang,
tion of spectroscopic and rheological measurements.This facileR: B.. Fu, P. F.J. Mater. Chem. 2002 12, 2325D2330.

strategy provides not only an effective alternate to the more
classical method to cross-link polymers, but also an easily

accessed route to two classes of novel materials with interesting

physical and chemical properties.
Potential new applications include the use of polysiloxanes

as cleaning agents in art conservation, where rheoreversibility

and swelling by organic liquids are highly desirable attribgtes.
In addition, our swollen polysiloxanes may be useful packing
materials for chromatograptyand as aligning media for NMR
measurement¥. This approach may also be useful in the
synthesis of new polymers from monomers pretreated with CO
or CS.5° Experiments to exploit some of these uses and to

(14) Nair, K. P.; Breedveld, V.; Weck, Macromolecules 2008 41,
3429D3438.

(15) Serpe, M. J.; Craig, S. lLangmuir 2007, 23, 1626D1634.

(16) (a) George, M.; Weiss, R. G.Am. Chem. Soc. 2001, 123, 10393D
10394. (b) George, M.; Weiss, R. Gangmuir 2002 18, 7124D7135. (c)
Carretti, E.; Dei, L.; Baglioni, P.; Weiss, R. G. Am. Chem. Soc. 2003
125, 5121D5129.

(17) (a) Yamada, T.; Lukac, P. J.; George, M.; Weiss, R.CBem.

Mater. 2007, 19, 967D969. (b) Yamada, T.; Lukac, P. J.; Yu, T.; Weiss,

R. G.Chem. Mater. 2007, 19, 4761D4768. (c) Yu, T.; Yamada, T.; Gaviola,
C. G.; Weiss, R. GChem. Mater. 2008 20, 5337D5344.

(18) (a) Jessop, P. G.; Heldebrant, D. J.; Li, X.; Eckert, C. A.; Liotta,
C. L. Nature (London) 2005 436, 1102. (e) Phan, L.; Andreatta, J. R;
Horvey, L. K.; Edie, C. F.; Luco, A.-L.; Mirchandani, A.; Darensbourg,
D. J.; Jessop, P. G. Org. Chem. 2008 73, 127D132.

(19) (a) Endo, T.; Nagai, D.; Monma, T.; Yamaguchi, H.; Ochiai, B.
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methods are underway.
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