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Full Paper: The formation of intermolecularhydrogen
bondsin blendsof novolactype phenolic and poly(hy-
droxyl ether)of bisphenolA wasinvestigatedoy studying
its Ty behavior excessvolume, and solid state*C NMR

spectra.The Ty and parameterf solid state*C NMR,

such as the Tcy and spin-lattice relaxation time in the
rotating frame TY,, indicate that the London dispersion
force (entropicallyfavored)significantly affectsthe inter-

molecularhydrogenbonding of the blend. The phenoxy
chainforcesopeningof the intra-associatiorof phenolic
and thus createsmore free OHs. This strong entropic
effect reducesthe total hydrogenbondingof the system,
especiallywhenone of the polymeris the minor compo-
nent. This also resultsin the reduction of Ty and free
volume expansion,reflecting in the increaseof cross-
polarization (C—H) time and molecularmobility within

the phenolic/phenoxyplend.

Compositiondependencef the glasstransitiontemperature
and excess volume of uncured phenolichhenoxy blend

throughoutthe whole blend compogion. (a) Original glass
transitiontempeaturess, and(b) excesssolumeat25°C
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Intr oduction

The phenotformaldehyde resins are widely used in
industry becawse of their goad heatresistanceelectical
insulatian, flame retardacy, and chenical resistanck™.
However the phenolt resinis brittle andreticular in nat-
ure which limits its applicatons. Many appro@heshave
been explored to improve the toughnessof phenolic
resinsby blendirg with a secondmodifier, suchaspoly-
ethyleneoxide (PEO) and poly(vinyl alcohol) (PVA)5-9),
On the other hand, phenoxyis capabé of forming H-
bondingthrough its OH groupwith appropriaé polymers,
andis therebre a very promisng modifier for the brittle
phenol. Roughly a four-fold improvement on notched

Izod impactstrengthhasbeenachievedfor this phenolc/
phenoxy blend*?). However the structuraldetals concern
ing the interaction betweenthe phenolc and modifiers
remanslargely unresdved. It is still not clearconcerning
the correlation betweenthe improvedbulk properties and
theinteracton, especiallythe formation of H-bondirg.
PreviousIR studes on phenoic resin®, reveded firm
evidenceof the existence of strong H-bording in seveal
phenolic relatedblends,which is believedto be the driv-
ing force for the miscibility of thesephenolic blendst?-9,
In spiteof thedifferencein structureanddynamic mation
betweerthe phenoy andthe pheno| the specificinterac-
tion appearsto be the main driving force responsite for
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the miscibility. However the obsered improvementin
physicalpropeties cannotbe accountedor solely on the
basisof goad miscibility.

The purposeof the studyis to understandhe sourceof
intermolecular H-bording from a microstucture chaac-
teristic viewpoint. High-resoltion solid-sate NMR spec-
troscopy is a converient tod to investigate molecubr
dynamcs and molecular structures of  polymer
blend$ 19, The NMR parametes e.g. chenical shifts,
relaxaton time (Tcw, T}'), can directly reveal polymer
microstucturesand molecula mobility. The moleculbr
interacton of phenolt/phenoy blends will be further
discussedasedon their Ty behavig, excesssolume, and
the solid stateNMR parametes.

Experimental part

Chemicals

The synthesisof the novolactype phenolicresin (phenolic)
was describedin our previousreport?. The poly(hydroxyl
ether)of bisphenolA (Phenoxyresin, PKHH) was obtained
from the Union CarbideCo. with a M, andM,, of 23,000and
48,000, respectively The repeatedohenoxyunit is depicted
asfollow:

g g
<—©~§—@70—CH2—CH~CHZ-O>»
CH; R
Phenolic/phenoxyplendswere preparediy simultaneously
dissolving both polymersin THF (1 % w/v) at room tem-
peratureaccordingto the designedcompositions.The mix-
turewasstirredfor 6-8h, andthe solutionallowedevaporat-
ing slowly at room temperaturdor one day. The blendwas
thendried at 50°C for 2 daysandannealedat 140°C for an
additional2 h undervacuum.3-bis[4-(2-Propyl)phenoxy]-2-
propanol (IPPHP)was usedas a model compoundof poly
(hydroxyl ether)of bisphenolA (phenoxy).

OH CHs

AN |
e
/CH©—0—CH2—CH~CH2~O@CH\

CHg CHs;

The novolac analog, 2,4 dimethanephenol(24 xylenol)
(purity >97 %) was purchasedrom the Lancastersynthesis
Co.(USA) andusedasreceived.

Infraredspectra

Infrared spectrawere obtainedusing a FT-IR spectrometer
(Bio-Rad FTS-155, USA). The interaction among model
componentsin THF solution was shown by recording 16
scanswith anaccuracyof 2 cnt? in anadequatgermanently
sealeccell with NaClwindows(pathlength;0.05mm).

Differential scanningcalorimetry(DSC)

Glasstransitiontemperatues(T,) of polymerblendfilms are
determinedby differential scanningcalorimeter (Du-Pont,

DSC Model 2900). The scanrateis 20°C/min rangingfrom

10 to 130°C using 3—4 mg of sampleon the DSC sample
plate after the specimenis quickly cooledto room tempera-
ture following the first scan.This procedureis adoptedto

ensurea completemixing of the polymer mixture and the
completeremovalof the residualsolventandwaterfrom the

specimenThe T, valueswere determinedat the midpoint of

the transitionpoint of the heatcapacity(C,) change andthe

reproducibilityof Ty valuesis estimatedo bewithin = 2°C.

Specificvolume

Specificvolumesare determinedat 25°C usinga pycometer
calibratedwith n-heptaneThe temperaturef the waterbath
is kept constantto within + 0.1°C andthe measurd values
arefoundto be accuratewithin + 0.001cm®/g from repeated
measurements.

NMR experiments

High-resolutionsolid-state'*C NMR experimentsarecarried
out on a Bruker DSX-300 spectrometeioperatingat reso-
nancefrequencieof 300.13and75.475MHz for *H and**C,
respectively The C CP-MAS spectraare measuredwith
3.9us 90° pulsewidth; 3s pulsedelaytime; 30 ms acquisi-
tion time; spectralwidth, 200 ppm; and 2048 scans.The
C=0 carbonof the glycine at 176.04ppm is takenasthe
secondaryeferenceof the *C chemicalshift. The efficiency
of cross-polarization(Tcy) is measuredby carbon signal
intensity versusvariable contacttime (z;) rangingfrom 0.2
to 18 ms. Proton spin-lattice relaxation times in rotating
frame (T{/'}) is measuredvia carbonsignal intensity using a
90°-7-spin lock pulse sequenceprior to the cross-polariza-
tion. Thedelaytime () rangesfrom 0.1to 16 ms. All NMR
spectraare takenat temperatureof 300 K with broadband
decoupling,normal cross-polarizatiorpulse sequenceand a
magicanglesample(MAS) spinningfrequencyof 5.4 kHz.

Resultand discussion

Evidenceof hydiogenbondingbetweerphenolicand
phenoxy

Fig. 1 shows“free” OH bandabsorpton of the 2,4 xyle-
nol on concentation of 0.02 M 2,4 xylenol and various
concentations of IPPHP cyclohexanesolutions®. The
intensity of ‘free’ OH band absorpion of 3620 cnT? is
decreasd, while the bandcomrespondingo the H-bonded
emepges gradualy with IPPHP contents. This provides
strong evidencethat thereis strong H-bording between
phenolicandphenoy.

Tys andexcessolumesf phenolic/phenoxplends

Fig. 2 showsthe meaured glasstransition temperéure
(Tys) andexcessvolumesthroughoutthe whole conposi-
tion range.The presenceof single glasstransition tem-
peraturefor all phenolt/phenoy compositonsis corsis-
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Fig. 1. Theeviderce hydragenbondng betweerphenolic/phe-
noxy blend: the “free” OH band absorptionof 2,4 xylenol at
concentrationof 0.02m 2,4 xylenol and concentations of (a)
0.02M, (b) 0.08Mm, and(c) 0.2m IPPHPcyclohexanesolution

tentwith the thermodyamiccriteria of a miscible blend.
The glasstransiion tempergures of pure phenoy and
pure phenolc areat 95 + 2 and 70 = 2°C, respetively.
Both parent polymershawe ratherhigh T, which are pre-
sumably due to their high densty of intra-H-bondng.
The phenolc resin is amorphog and reldively rigid,
while the phenoxy resin is also amaphous but rather
flexible. The T, derivaion is negaive throughait the
whole compositionrange,andthe minimum of T, appers
at phenolc/phenxy = 90/10 composition as shown in
Fig. 2a. T, deviation is a resut of entropy changecorre-
spondingto the chargein the numberof H-bondinginter
actiong®. The reductbn of the numker of H-bondirg
interactbn associatewith the entropy increasessignifi-
cantlyupon blendirg.

The excessvolume of a polyme blend hasbeencon-
venienty usedto understad the chamacterizaton of a
polymer mixture?®. Without corsidering the mixing
effect, an addtive relationship is expectedof this truly
miscible mixture??.

Vo = (91/p1) + (92/p2) (1)

wheretheg; is theweightfraction of thecomporentsin the
blend,andp; the densties of pure stateof polymers.The
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Fig. 2. Compogion dependencef the glasstransition tem-
peratureand excessvolume of uncuredphenolic/phenoxylend
throughouthe whole blendcomposiion. (a) Original glasstran-
sitiontempeaturess, and(b) excessrolumeat25°C

excesyolume,AV shownin Fig. 2b is takenasthediffer-

encebetweenthe actualspecificvolume of the blend and
its Vo. Apparently the excessvolume exhibits a postive

dewviation. However considering the strong H-bondirg

favoring the phenolic/phenay miscibility ), the compact
polymer mixture shouldresultin negative excessrolume

Both experimentalvolume expansionandreducedT are
cortradictoryto the strong inter-assoa@tion. It is inferred
thatthemolecuhrstructureof componentglaysanimpor-

tant role on causig the unexpeted composiion depen-
den Ty behaviorandtheexcessolume.

The T, behaviorandexcess/olumedescibe bothinter-
association and London dispersion betweencomponent
polymers.It is assumd thatthe relatively long repeding
unit lengthof the polymer providesan addtional entrofy
factor in this mixture. In orderto provideevidencen sup-
porting this presumptia that accounts the detaled mole-
cular structure for the intermolealar H-bording config-
uration, high-resoluton solid stateNMR methodlogies
hawe beencarriedout including **C chemicalshifts; CP-
MAS cross-polaization dynamts; andprotonspin-lattice
relaxationin rotating frame relaxationtime (T;)). The H-
bonding configuration of a blend revealsthe picture of
thethernmodynanics thatwill bediscussedater.

13C CP/MASNMR spectra

Fig. 3 shows thetypical *C CP-MAS NMR spectreof the
phenoxy, uncuredphenoic, andunauredblends with var-
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Fig. 3. The ¥C CP/MAS spectraof novolac type phenolic
resin(phenolic),phenoxyandphenolic/fnenoxyblends.(a) 100/
0, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80, and (f) 0/100. (* :
sideband)

Tab.1. The chemicalshifts of phenolicand phenoxyin NMR
spectrumandsymbolusedin text

Componat Chenical Descrifion Symbol
shift in text
Phenolic  31ppm methylene C:
112 ppm ortho-gibstitutedin phenolring C;
150ppm hydroxyl-substituted Cs
in phenolring
126ppm othercarbonin phenolring C,
Phenoxy 153ppm ethersubstitute in phenolring Cs
139ppm quaternay carbon Ce
in phenolring
66 ppm ethercarbon C;

andhydroxyl carbon

iouscompositiors. The main peakassignmets for pheno-
lic and phenoxy aresummaizedin Tab.1. The electrm-
donatedcarbonprodwcessmal perturbdionsto the mag
neticshieldon the nucleusandresultsin a downfield che-
mical shift ascomparedto the oneswithout the H-bond-
ing interactio. On the contrary, the electroraccepted
carbontends to shift upfield. Fig. 4 shows the chenical
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Fig. 4. The chemtal shift variation with compogion for (a)
C; of hydraxyl-substitited carbonin phenolrings of the pheno-
lic m, and(b) C; of thephenoxye

shifts of the OH-sulstitutedcarton in the phenolc rings
(Cs, ~150 ppm) andin the phenoxy (C;, ~66 ppm) for
variouscomposiions of blends.The C; resonane of the
purephenolc (151.2ppm)shifts upfield initially andthen
shifts dowrfield graduallyfrom a conposition of pheno-
lic/phenoxy = 80/20 and with increasiig phenoxy con
tent. The upfield shift of the aveagedlocetion implies a
more non-londedfraction of the OH-substitutedcarbon
(Cy) relative to that of the pure phenoic at a phenoy
contentof lessthan20 wt.-%. The subsegentdownfield
shift mears an increasein the H-borded fraction or a
decreasen the “free” OH whenthe phenoy conentis
greaterthan20 wt.-% with morephenoxy content.Onthe
other hand,the C; resonanceof the pure phenoxy (66.5
ppm) shifts downfield graduallywith increasimy phenolic
content.This changesuggestsanincreasen intermolecu-
lar H-bondirg of phenoxyupan blendirg with phenolic.
Judgingfrom Fig. 1, thereis a strong H-bondirg pre-
sentin the phenolidphenoy blend. However the mole-
cular structure of the comporents would affect the
amountof H-bording of blend,andthusthe relatedmole-
cular dynamics. From the aboveresults,one may con
clude that more “free” OHs are preset in phenolc-rich
blends. Thesechenical shifts suggest that the phenoy
chainspenetate and separée the intra-associatiorof the
phenolicmolecules.As the quantty of the phenoy added
increasescortinuously the formation intermolecular H-
bonding increasesand the free OHs are reduced, as
shownfrom the T, behaviorandNMR chenical shift.
Therefae, due to the reductbn of H-bondirg in the
phenolicrich region the increasingpolymer segmental
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Fig. 5. The NMR spectraof the phenolidphenoxy= 60/40blend undervariouscontacttime (z¢) (a) 0.1 ms, (b) 0.3 ms,
(c) 0.5ms,(d) 1 ms,(f) 1.5ms,(g) 2.25ms, (h) 5 ms,and(i) 9 ms

mobility is expeded. This behaviorcanbe monitored by
the reduction of cross-plarization efficiency (i.e.
revealedby the increaseof Tcy contad time) and the
shortenng of T}! relaxationtime.

Tew contacttimes

The CP rate (1/Tcy) under spin-lacking conditions is
determinedby the effective strengh of the dipolar inter
action (controlled by both molecula motion andthe C-H
distance)andthe *H and*3C relaxatbn behaviors. A typi-
cal magnetizaion variation of *C intensities versusthe
contad time is shown in Fig.5 for C; carbon in various
phenolidphenoy blend compositiors. Fig. 6 shows the
logarithmic C; signal intensities versus contect time for
various phenolic/phenay blend compositiors. By con
sidering the protonsas an infinite magnetizaion reser
voir, the**C variation canbe descibed as?:

M(ze) = 2 12— exp(~75e/Te exp(—7e/ T}

;L = 1+ TCH/T]S, - TCH/T;:__/', (2)

where M, is the equilibrium magnetzation, Ty, and T;)
are the spin lattice relaxation constantsfor carbonand
proton, respetively. The contacttime Tcy can be mod-
eled with experimetal data by assunng T; > T .
Tab.2 summaizes the Tqy relaxaton times deiived for
various uncued various phenolidphenoy composiion
blendsat 300 K. The quakrnarycartons,i.e. C;, Cs and
Cs, showalongerTcy thanother carbonssincethe hydro-
genis a long distanceaway from thesecarbons.In all
casesthe Ty values do not changemonotonially. As
seenin Tab.2, the C; carbonincreasedirst with initial
addition of phenoy followed by a shap deceasewith a
continuingincreaseof phenoxy Similarly, a slight initial
increaseis observed for cartons Cs, Cs, and C; (phe-
noxy), followed by a decreasen more incorpordion of

Intensity
S/
>//

1 | i

14 16 18 20

2 4 6 8 10 12

Contact Time (ms)

Fig. 6. Logaithmic *C signalintensties of C; versuscontact
time for variousphenolic/phenoxyomposiion blends. (a) 100/
0, m; (b) 80/20,e; (c) 60/40, A; and (d) 40/60, ¥ phenolidphe-
noxy blend

phenolic. The initial rise of Tcy in both phenolc andbr
the phenoxy-rich region suggest that the polymer net-
work is more loosely packed, requiring longer contact
times for the cross-polarizatn to take effect. The OHs
are more effectively pairedto form a tighter H-bondirg
bonding netwok in the mid-regon. This indicatessuffi-
cient dipolar interacton leadingto a more efficient CP
process,as reflectedin the reductionof the Tcy in the
mid-region.Thecorclusionthattheblend is highly misci
ble is consstentwith the observatns in the chemical
shifts. The initial addtion of phenoy (and/a phenolig
resuts in more free OHs, presumablydue to the long
repeatunitsof phenoy.
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Tab.2. Ty relaxationtimes (in ms) of phenoxyand uncured
phenolic,phenolidphenoxyblendsat 300°K

Cs Cs Cs C;
150ppm 153 ppm 140ppm 66 ppm

Purephenolic 3.86

Phenolic/plenoxy=80/20 4.04 1.69 0.38
Phenolic/plenoxy=60/40 2.6 2.21 154 0.62
Phenolic/plenoxy=40/60 1.79 2.43 3.07 0.70
Phenolic/plenoxy= 20/80 3.63 351 0.73
Purephenoxy 3.34 3.28 0.68

Tl'j) relaxationtimes

ProtonT,, via aresolvedcarbonresonancerovidessimi-

lar information on the molecular motion of the compli-

catedclassof polyme blerds. Fig. 7 shows the logarith-

mic plots of the C; (phenoxy)'*C signalintensitiesversus
the spin-locktime for phenoxy and uncuredvariousphe-
nolic/phenoxyblend compositiors. The carbon signalcan
be formulated by a simple exponetial decayequator?®.

The TlHﬂ values derivedfrom sucha relation for all com

positiors are estimatedto be accurae within + 0.2 ms
which are summaized in Tab.3. With the miscibility

appearig in the molecularlevel, a single relaxationtime

canbe approxmatedby interpolaton usingthe following

additive relation:

M (H )Phenoxy
T1/>(H)

M (H )Phenolic
Tl/) ( H )Phenolic

where M(H)phenoic @and M(H)phenoxy @are male fractions of

protonin the parent polymersand T, (H)phenoiic (6.86 ms)
and Ty, (H)phenoxy (4.24 ms) are the relaxation times for

uncured phenolic and phenoy, respectiely. The
weightedvalues by Eq. (3) are summarizedin the last
column in Tab.3 for conmparison. Knowing that the
relaxaton occuredin the regionon the right-handsideof

the V-shapecorrelation of the In(T}!) versus correltion
(1/T) plot*®, the shorterT}! implies a shorterr valueand
indicatesa higher molecubr mation. Notice thatthe T;)'s
of the carbonsoriginatedfrom phenoic andphenoy are
of thesamevaluein theintermediateregionandis greater
thanthat calcuatedfrom Eq. (3). This resultgivesstrong
evidence that the blends are miscible in the molecubr
scalé® andexhibit a stiffer framewak thanthoseblends
without the specfic interacton. It is worth noting that T;!

values of Cs andC; of the 20/80and80/20(phendic/phe-
noxy) blendsaresubsantially lower thanthosecalculaed
values. Thevaluesarealsolower thanthosefrom the neat
polymes. One can cornclude that when one of the poly-

mersis the major component,the presenceof H-bording
reorganization and the presenceof more free OHs leads
to lessH-bondirg and the componentpolymer matrix is
moreflexible thanthat of the correspnding parentcom-
ponents.
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Fig. 7. Logarithmic®*C signalintensitiesof C; versusthe spin-

lock time (T!') for phenoxyand phenolic/phenoxyblends.(a)

0/100,=; (b) 20/80,0; (c) 40/60, A; (d) 80/20, ¥ phenolic/phen-
oxy blend

Tab.3. T! relaxationtimesof phenoxy anduncuredphenolic
phenolic/pﬁenoxyblendsat 300K

Cs Cs C, Calc.

150ppm 153ppm 66 ppm from

Eq.(3)

Purephenolic 6.86 6.86
Phenolic/plenoxy=80/20 4.22 6.11
Phenolic/plenoxy=60/40 6.52 6.62 6.50 5.49
Phenolic/plenoxy=40/60 5.72 5.70 475 5.07
Phenolic/plenoxy= 20/80 3.72 3.69 459
Purephenoxy 412 4.24 4.24

The intimate miscibility is consistat with the picture
of a tightly-bourd H-borded matrix, whilst the higher
mobility in the phenoic-rich regionis consisentwith the
picturethatthe longerrepeatimg unit in phenoxy expands
the matrix, creatingmore free OHs andleadsto a looser
framework.The presenceof more free OH grougs in the
phenolicrich and phenoxyrich regions,leads to micro-
domain heterogneity and a more flexible framework.
The substatial improvenent in the unmotched lzod
impact strengh is likely to be associatd with the
extended framework of the blend, which effectively
absorbsxcesenegy uponimpact?.

Conclusions

In the presenistudy of a completemiscible phenolc/phe-
noxy blend system an unusual volume expangn and T,
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reductionare observed This observabn is inconsistat
with the expectedstrang intermolecularH-bondirg for-
mationin a convenional mixture. This unusual observa
tion canbe attributedto the formation of theintermolecu-
lar H-bonding betweenphenolicand phenoy, leadingto
more“free” OHspresatin thephenoic-rich region

The solid state NMR paramegrs (i.e. chemical shift,
efficiency of cross-polazation, and T} relaxaton time)
confirm the presece of more free OH groups when one
of the polymersis the minor component. The entropc
factorfrom longerrepeatedinits of the phenoxyexplans
the substatial glasstempeature reductionand volume
expansion which leadsto a swollen framewnork and an
increasein molecuar mobility (asshown by the Ty and
T;, values for this highly miscible blend). In the mid-
rangecompositon, more effective pairing of H-bording
resultsin more intermolewlar H-bondirg and drivesthe
miscibility aswell asa stiffer framework.

The presentestts raisethe issue thatthe structureof a
modifier can play an importantrole in the properties of
the polymer blerd. The structural factor of a polymer can
introducean additional entropy factor in considemg the
thermodyamics of the polymer blend, as well as the
effectsonthe mechanicalpropertes.
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