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I. I' ODUCTION

Over the period of this contract (June 1 86 to June 1989) major work has been undertaken

upon the following research topics:

(1) Synthesis of synthetic polypeptide structures:

(2) Modification of natural gelatin st ictures to incorporate mobile dipolar species;

(3) Dielectric analysis of high dielectr c permittivity liquids;

(4) Dielectric analysis of gelatin and f modified gelatin-based compositions;

(5) Pyroelecmric analysis of the gelat t-based systems using Byer-Roundy method of

analysis;

(6) Development of a new type of C" noweth system for measuring the "true" AC

pyroelectric response;

(') Confirmation of high true pyroel tricity in the modified gelatins under DC bias fields:

and

,S) Preliminary evaluation of artificia, Maxwell Waver bilayer structures.

'Work on the synthesis of different corn ositions, the development of pinhole free thin films

of the gelatin-based systems and the casting f composite layer structure Maxwell Wagner solids
was carried out at the Albert Einstein Medica Center under the direction of Dr. S. Erhan. All

property measurements, including dielectric !pectra as a function of temperature, frequency and

field, and pyroelectrc response using both DC and AC measuring techniques were carried out in

the Matenals Research Laboratory at Penn St te under the joint direction of Dr. A.S. Bhalla ard

Dr. L., Eric Cross.

In this rcport. the preparative studies a presented in Section 2. dielectric studies.as a

function of frequency, temperature and electrc bias field in Section 3. and the pyroelectric studies

including the rationale for the new Chynoweth AC technique are given in Section 4. Section 5

highlights the preliminary findings from mei s urements on some simple bilaye: structures

,abricated upon metal substrates. Section 6 iscusses the research findings and sme models

which may account qualitatively for the most unusual and interesting electrical properties ot the

gelat'n-based systems. In Section 7 avenues for potential future studies on these systems are

1x pc red.

It was realized at the outset that the tas of synthesizing completely new polar polypepndes

was highly speculative and that the synthesis routes were largely unexplored. Over the tirst year of

:he contract it was realized that because of so ubility problems even the polypeptide which could be

synthesized were not in a fo-m which could te measured. Attention was then concentrated on the

natural gelatin systems and upon modes of modification which could give rise to highly polar but

dtieectncally "soft" structures. This change appened also at the time when in the application



community for new pyroelectrics it was realized that a switchable (polable) material has many

potential advantages permitting much simpler matrix switching of the pixels in a CCD interrogated

array structure. Even at this early stage in research it is exciting to realize that the samples show

under bias response comparable to the best polar polymer (PVF2) and competitive with the

inorganic LiTaO 3 which is widely used in point detectors.
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2.1 Synthosis of Controlled Sequonoa Polypoptid..:

2.1.1 N-carboxy anhydrides procedure, although very well

studied, is unsuitable for synthesis of large

quantities in acceptable yield.

2.1.2 Triphenyl phosphite catalyzed synthesis is quite

satisfactory in providing acceptable yields.

2.1.3 Suitably modified, i.e., with 2.4

dihydroxybenzaldehyde, homopolymers such as

polylysine become insoluble in all solvents except

acids which limit usefulness.

2.1.4 Also efforts are being made to partially modify the

polylysine and treat the modified polylysine with

"nitrous acid to obtain a more soluble product

according to attached scheme

2.1.5 Studies are concentrated in a systematic search to

identify combinations of amino acids that will yield

soluble peptides that will still have sufficiently

high dipole moments after modification.

2.2 NODIFIED GELATINS

Since resoroinal is amolecule with a very high dipole

moment we have modified gelatin, using

2,4-dihydroxybenzaldehyde and other molecules that are

likely to have a high dipole moment; 4-nitro and

0,4-dinitrobenzaldehyde with reductive alkylation.

For the modification of gelatin backbone 5g gelatin

corresponding to 200 ug of lysine (1.408 M) was dissolved



70 cm borax buffer (pH 7.3). Ten molar excess ot sodlum

cyanoborohydride were dissolved in 70 am3 of DMSO and were

added to gelatin solution, dropvise, under constant

stirring and at room temperature for 30 min. The mixture

was stirred for 5 h, the mixture was acidified with 6 N HC1

to destroy unreacted oyanoborohydride and van precipJtated

by pouring into aoetone. The preoipitate was washed

several times with acetone and was either dialysed against

"0.006 9 acetic acid or passed'over Biogel P-2 aolum to

remove unreacted low molecular weight reagent traces.

Because our earlier studies have demonstrated that

reductive alkylation can only modify about 60% of available

lysines, and because these unreacted lysines were attacked

b*y epichlorohydrin, we have also reacted

2,4-dihydroxybenzaldehyde modified gelatin with epoxidized

polyglyoerin.

The modified gelatins as well as polylysine were cast

into films after dissolving them in water, in teflon-

covered trays. A typical example is given for

2.4-dihydroxybenzaldehyde modified gelatin films:

4 g modified gelatin was dissolved ir 300 al double

distilled water, by warming, approximately 609C. The

solution was filtered throuqh glass wool and degassed for

15' under vacuum. It was poured into a teflon tray and

allowed to dry in a dust-free hood.
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'3. DMLCTR!C STMDES

3.1 High Dielectric Permittivity Liquids

3.1.1 Introduction
Over the first three months of the contract, while the attempts were underway to synthesize

the polypeptides in highly oriented polar form, it was decided to test out the techniques for
dielectric studies upon organic systems by exploring a range of high permittivity formaamide

liquids, measuring over the freezing range in these glassy systems to examine the possibility of

poling in pyroelectric forms at low temperature.

3.1.2 Liquids Under Study

Following earlier work from Japan it was decided to explore liquids based on

formamide (HCONH2), N methyl formamide (HCONHCH3) and NN dimethyl formamide

(HCON(CH 3)2). First the pure liquids were measured over the temperature iange from -l00" to
+50"C for frequencies from 100 Hz to 100 KHz using the H.P. automatic testing system.

The liquids were contained in a simple coaxial sample holder between platinum electrodes.
After filling, the sample holder was sealed to prevent contamination with moisture.

Data for pure formamide are summarized in Figs. la, b which show e' and tan 8 over the full
temperature/frequency range. Above 0"C the permittivity is extremely high (104-106), and strongly
dispersive. Thv response appears to freeze out over the range from -50* to -20C exhibiting sharp
high maxima in tan 8 in this range (Ib). Taking the temperature of tan 8 maximum as a function of
frequency to represent the mean relaxation time J the log J vs. I/T plot is quite linear, but the slope

is a little different on cooling and heating yielding an activation energy for the relaxation between

1.1. and 1.2 eV (Fig. 2). It seems probable from Fig. la that the transition near O*C may be a
melting and careful measurements on slow cooling (Figs. 3a, b) confirm over 20"C of

supercooling associated with the transition. It is interesting to note however that melting/freezing
does not eliminate the relaxing component of the response which freezes out at lower temperature.

For N methyl formamide dielectric data are presented in Figs. 4a, b. Again the cooling
curves exhibit strong supercooling but the very high K (103 to 106) is again not lost on freezing,
hut fireezes out over a temrnerature range down to -600C. On both cooling and heatine the

relaxation time does not follow a clear linear log r vs. I/T (Fig. 5) plot and now "best fits" yield

activation energies of 0.47 eV (cooling) and 0.74 eV (heating) clear evidence of a more complex

polarizability. For NN dimethyl formarrnde, the freeze out is at even lower temperature but the

permittivity is now also significantly smaller (102 to I04 co). Now the relaxation process is highly



modified by the freezing behavior (Figs. 6a, b) and it is impossible to deduce an activation energy

from the behavior.

In mixtures of normal and methyl formarnide it appears that the relaxation features of each

liquid are preserved suggesting that what is being observed is a truly molecular dipole phenomenon

data for 5:1, 2: !, 1:1 and 1:2 mixtures ar.- given in Figs. 7a, b, 8a, b, 9a, b, lOa and b,

respectively. For formamide:dihneth'y! formamide mixtures are given in Figs. I la, b and Figs.

12a. b, respectively, again it is easy to see that qualitative features of the two spectra largely

preserved with relative ratios changing with the volume concentrations.

3.2 Dielectric Measurements on Gelatin-based Comoositions

3.2.1 Introduction
Since it was proving exceedingly difficult to produce synthetic polar peptides in a form

suitable for dielectric study, the original concept was modified to exp!ore the properties of castable

gelatin films which could then be chemically modified to introduce highly dipolar groups. Early

measurements showed that the gelatin itself provided a host which had moderate permittivity only

weakly dispersive over the temperature range from -1 50C to +40"C with tangent 5 values less

than 0. 10 over the whole temperature and frequency range.

In all, some 20 differently modified gelatins synthesized at Albert Einstein Medical Center

were received and measured for dielectric response as delineated in the following section.

3.2.2 Measurements
(a) Weak Field Permittivitv. Permittivity and loss as a function of frequency and

temperature for a simple non SH gelatin are shown in Figs. 13a. b. Measurements on several

other lots, and on samples of SA gelatin give qualitatively similar results with ranges of cmax at

room temperature over the range from 8 to 15 at a frequency of 10 Hz.

Films modified with 2.4 dihydroxy benzaldehyde (DHBA), a very strongly polar molecule,

gave the lowest room temperature relaxation frequency 20 Hz with a dielectric permittivity of 250

eo at 10 Hz, iigs. 14a, b. For the DHBA modified sample permittivity as a functiorn of

temperanure shows a massive low frequency (100 Hz) dielectric peak (-100,000) at 43"C which is

strongly dispersive over the range from 100 Hz to 100 KHz. The tan 8 exhibits a most interesting

double peak response at the lower frequency, the peaks corresponding as expected to the steeply

rising and steeply tailing sections or the reai part or e, ifigs. 0ia, o.

In a 2.4 dihydrcxy benzaldehyde sample modified with epi-triglycerin the relaxation

frequency is raised to 100 Hz and only one reiaxition is evident (Fig. 16). Again the permittivity

vs. temperature exhibits a very strong mnaximum now at 45"C with double humps in tan 8 at low

frequency, which coalesce into a single peak at high frequency (100 KIHz), Figs. 17a, b.



For a 4 nitrobenzaldehyde modified gelatin the relaxation peak at room temperature is raised

to 190 Hz with a low frequency (10 Hz) value for C' of over 2,000 (Figs. 18a, b). In the nitro-

modified material the peak in e' is again near 45"C. but now the low frequency value of e' is much;

reduced (-50) and the tan 8 curves show only a single maximum again near 45"C (Figs. 19a, b).
For 2-4 dinitrobenzaldehyde modified gelatin the relaxation peak is raitd to 650 Hz at 22"C with
C' approaching 4,000 at 10 Hz (Figs. 20a. b). Again the permittivity vs. temperature shows a
sharp peak near 40'C with a lower maximum value (E - 70) and only a broad single peak in tan 8

at lower frequencies (Figs. 21a, b).
Triglycerin modified gelatin shows the highest room temperature value of relaxation

frequency 6.5 KHz, very large values of e' (-300,000) at 10 HZ (Figs. 22a, b). Now in the
dielectric response as a function of temperature there is evidence of separated double peaks both in
the real pat of the response (W) and in the tan 8 (Figs. 23a, b).

The measurements listed above are a representauve sampling of the weak field response for:
the 20 modified gelatins measured. Data for these and the other samples are tabulated in Table 1.

(b) Dielectric Saturation Studies. In view of the clear evidence of massive dielectric
relaxation at room temperature for the modified gelatins at low frequency, suggesting large dipole
moments it appeared desirable to see whether additional information could be obtained by
measuring the dielectric saturation under increasing DC fields for the low frequency part of the
permittvity.

Firstly, since the gelatin itself is only weakly dispersive one should expect little dielectric

saturation and this is indeed the case even at low frequency (Figs. 24a, b). For the modified
gelatins however, the behavior appears much more complex than can be accounted for by a simple

non-associating dipole model.

In the triglycerin modified samples where the relaxation frequency cwo (6.5 KHz) is well

above the measuring frequency (500 Hz) the saturation appears normal (Fig. 25) and fits well to a

Langevin function (Fig. 26) however the dipole moment required for the fitting appears

anomalously large.

For gelatin modified with hexaglycerin. in spite of an apparently very large dielectric
permittivity, the saturation is negligible even at I1WHz (fig. 27). For a number of the films which

show larger relaxation times, increasing DC field leads to increasing dielectric permittivi!. peaking

at [tie higher tieid levels. An example is flim 14 where we tmocuier is Z;4 •UMS.W.,oALUILIC1yu,

(Fig. 28a) with tan 8 values following a pattern consistent with the real part (Fig. 28b).



4. PlROELECTRIC ?EASURZN

Two weU known techniques have been used to measure the pyoclectric response of the

modified gelatin samples. The first is a simple Byer Roundy constant heating rate method which

measures the total ,polarization in the sample including all trapped charge. 'The second is a

modification of the AC Chynoweth method in which the sample is heated by a chopped infrared

radiation absorbed at the surface and the AC cirrent generated is measured. In this case, the

calibration uses a sundard material of identical geometry.

4 2 measurement Techniues

(a) The Bver-Rouhdy Method. The Byer-Roundy Method is in principle very simple and is

illustrated in schemadic form in Fig. 29. The sample in theform of ,A thin plate equipped with metal

electrodes oi the mni'j forces is placed in a computer-contruilcd oven. The over is programmed to

a W.onstant linear heaurg rate, n the MIRL system this is 3C/uinute. As the polarization in the

sample decreases with temperature a current is generated. This pyroei•ccuic current ip is related to

the, pyroclecric coefficient p(T) by

p(t)=

The current ip is measured by a Hewlett Packard picoammeter and is recorded on the Y axis

of an X:Y plotter whose X axis plots the sample temperature. The ip is also integrated over

temperature T to give the polarization in the sample.

To run the experiment. the sample is poled under a high DC field applied as the sample is

cooled down from room temperature to - 150C. The poling field is then disconnected, the sample

momentarily short circuited, then the constant heating rate is stared and the pyroelectric current

measured.

(b) AC Chvnoweth Method. The AC Chynoweth mnethod is also quite simple in concept and

,is illustrated in Fig. 30. The sample, mounted upon a thermally isolating substrat is subjected to

an AC heat signal by chopping radiation rom an infrared heat source. The AC pyroclectric current

is measured after amplification in a preamplifier/impedance convener through a phase locked

amplifier locked to the chopper frequency.

In the MRL Chynoweth systemwhich was built up and calibrated by 1. Sopko as an MS

thesis project in Electrical Engineering, local IR heating is provided through a multimode fiber

optic link from a Seiko SMD 1OE LED source driven by a Racal-Dana F.47 Function Generator

(Fig. 31 a). The sample is contained in an MMR variable'tempcrature sample chamber controlled



by a K.20 Temperature Controller. Pyroelectnc current is amplified by a Model 181
Current/Voltage Amplifier which feeds either an EG and ( 5208 lock-ln analyzer cr an lip
54201A Dtgidzing Oscilloscope earch of which is locked to the functon generator driving the LED
source. The physical setup is shown in Fig. 31b.

Different sample configurations which can be used are illustrated In Figs. 32a, b and

calibrated runs taken with LiTaO1 and LiNbOLI samples are given in Fig. 33.

4.3 Bye' Roundv Measurenients

Unmodified gelatin shows a pyroelectric current whih peaks near 40'C at -101 C/C/M2

and an integrated charge which is rather flat over the range from .100' to O'C then drops rapidly at

higher temperature. Polarization levels are of order'l.6 c/M2 (Fig. 34).
In the modified samples very well developed pyroelectrw current peaks are observed in the

temperature range from IO'C to 4'C and both the current levels and the integrated polarization are
one to two orders larger than in the unmodified compositions. Typical ctamples are given in FIgs.

35 to 39.

4.4 Chvnoweth AC Pvroelecnric Measurements
From the DC Byer Roundy measurements it is clew' that very large polarizatIons ..an be

Sinuced in the modified gelatin systems using suitable DC bias fields, However the non-zero
conductvity certainly makes one to suspect that a major fraction of ihe polarizaton may be due to
trapped space charge. To distinguish true from this false pyroelecrcrity, it Is important to use the
AC method. During the AC heating the ipace charge is "walked out" of the system nndis not

replaced so that it does not contrbute,
A second advanage of the AC method is that it does depend upon just those properties which

control the very similar detector and IR imager applications.
(a) Room Temperatur Studies. Samples were prepared in the form of thin disks 1(0 4

meters ifhck. Gold electrodes 5 mm in diatmeter were vluuum deposited aund conti: inatla,- to die
electrodes by fine gold wire cemented in place with air•drying silver. The surfae wax blackened
by a paint on black with absorption coefficiert l -, 0,98,

For measurements the source was set to provide square pulses at a power level of 814 4
watt with the repeutiun rate vaned trom U.3 to it) puimes/seconu. I yph•I rctuits lot inc Eplp

decaglycerin modified sample (3) are presented in Table 2 and for the best sample, the triglycerin
rnoified sample in Table 3.

In comparison, it may be noted that P LIT.fY) disk 100 1 meter thick with an electrode 4 mm
in diameter produced a relative sensitivity R, - 461,5 ,tA/W, Thus the Epi-decaplycerin modiflied



sample is clearly comparable to LiTaO3 at 292"K whilst the trglycerin-modified sample is more

than 5 times more sensitive.

(b) Pyroelectric Behavior as a Function of Temoerature. The temperature dependence of the

pyroelectric effect should be quite steep according to the Byer-Roundy results and this also proves

to be the cafe for the Chvnoweth method. Figure 40 shows data for the uiglycerin-modified

ge!aun (sampie 9) taken at a chopping frequency of 30 Hz, but a low bias of only 4.5 volts.

It may be no.ed that the peak response is now at 65"C significantly higher than the 1OC
observed for Byer-Roundy. To compare with other polymer systems the data has been scaled to

polyvinylidene difluoride PVF2. the strongest known pyroelectric polymer in Fig. 41. Even at

low bias level, the triglycine-modificd gelatin is almost as effective as PVF2.



5. PRELYMART OBSERVATIONS UPON BILAYER STRUCTURES

Observations at Einstein upon other programs have observed that protein forms very fimily

adhering thin layers to a wide variety of metal substrates. Dielectrc measurements on samples

from Einstein have shown that the films have low dielecmc loss and high resistivity ,Figs. 42a. b).

To explore the possibility of generating on arnficial Maxwell Wagner solid using the protein

film in conjunction with a modified gelatin, several bilayer structures we- developed by casting

the gelatin on top of the film supported on a stainless steel or aluminum metal suppon. For the

bilayer %rrucnrp using a .r.glyczi-iT-infthfied geia'an tor the second layer, the major feature of the

dielectric response i.e. the strong dielectrc peak near 25"C is preserved, but now the loss levels are

significantly lower with tan 3 values less than 1.5. Again however, as in the original films, the

double peak in the loss tangent is evident at low frequencies and merges back into a single peak at

higher trequency (Figs. 43a. b).

Similar features have also been observed with hexa and decaglyccnn-tmoTified films although

[lo' the toss leve s are ,•gnificantly higher WVe r•'ei¢•e it will he itereting to explore a wider

family of bilavet structures in which the thickness of each component is more caretully controlled

.o that a proper analysis can be made of the composite propernes.



6. DISCUSSION

The early studies on high permittivity dielectric liquids highlight one of the major problems

which is present to some extent in all the systems studied, i.e. the problem of ionic conductivity.

Clearly the formamide family of liquids have very high permittivity (104 to 106 Eo) at room

temperature, and the response is dominantly dipolar, however, the high electrical conductivity and

associated high tan 8 level render the class ,ninteresting for practical appi,,;aAun.

In the high permittivity systems, the base permitivity itself will always promote dissociation

of ionic species either in the compounds themselves, or in associated impurities. Since the

transport involves both a carrier concentration and i MOBILITY, the natural attack is then to seek

systems of much lower mobility. In this case then it is natural to explore gels where mobility will

be orders of magnitude less than the liquid state.

From the dielectric spectrum of the gelatin it appears as a benign host, free frommajor

dielecmc features in the radio frequency range. By chemical modification, it does however appear

that large dipolar groups can be associated in such a manner that significant onentability •i retained

and that by choosing different chemistries the relaxation frequency can be moved over more than

three orders at room temperature.

The urusual dielectric saturation behavior for the modified gelatins does suggest that there are
large associated dipolar clusters. For the mglycine modification, where the relaxation frequency is

reasonably fast, the saturation fits quite well a classical Langevin model. In several of the systems

however a most unusual enhancement of weak field response appears to occu at higher field

levels. For these materials it is tempting to suggest that the slow polarization processes may be

speeded up at higher field levels, leading to the observed peaks in response. Much more data is,

however, clearly needed to confirm such a hypothesis.

From both Byer-Roundy and Chynoweth results, it is clear that the modified gelatins have

most interesting pyroelectric properties under DC bias. At high bias field levels and low chopping

:rcqucncy the material is clearly supenor to LiTaOi and even for high chopping frequency and low

bias the triglycerin-modified gelatin is comparable to the best pyroelectric polymer.

The most puzzling feature of the response in all the miodified gelatins is the sharp dielectric

peak, reaching very high values at low frequency for temperatures near 30" to 40O*C, and the
,1*.'U4ak; UULIAr IIAIAkiAA J.A &US V3.)I.a. . ..,',',..,••a,• u ub ¢ ,• •. ,- u • • ...,-••., * , ,,,,• 3•,, i.j-,., .• *J .. .. .. . ... ~, ...... . ...

divolar clusters, the rapid decay of the polarizability at low frequency suggests that the clusters

may be breaJkng up with increasing temperature. However, the higher temperature maximum in

"an 6 suggests that any breakup of dipolar clusters must take place In a rather unusual manner so as

,o produce a slowing down of the pxolanzability with INCREASING TEMPERATURE.



7. StUGGESTONS FOR FUMUE WORK

The current study was in the nature of a "broad brush" survey of modes by which dielectric

propertes of "soft dielectrics" in bio-orgaxuc systems could be modified and controlled to provide a

spectrum of useful properties.

As a result of these studies it does appear that the modified gelatin structures can yield

flexible films with pyroelectric properties superior to all other known polymers. However. much,

more work needs to be done before this promise can be realized.

An obvious shortcoming in the present study is the absence of systematic data for the change

of properties as a function of the concentration of polar additive to the gelatin. A second obvious

area of need is for more detailed characterization of the mode in which the polar group are
incorporated.

Of particular interest are the most unusual sharp peaks in the weak field dielectric permittivity

at low frequency, and the associated maxima in the loss. In these studies measurements were

made with a slow but continuously moving temperature (usually 3"C/min) and it is not cleai that

the measured values are necessarily equdlibnum pr6perties of the system. Clearly other tools such

as IR spectrus..py,'differennai thermal analysis and di;crential scanning calonmetry should be

applied to check for structural changes near the dielectrc maxima.

The preliminary data on bilayer stnrctures do suggest that tanS. can be significantly reduced

without sacrifice of the interestng dielectrc response. Present bilayers are a little irregular and it

will be necessary to improve methods of fabrication so that systematic studies as a function of the

thickness of the two components can be accomplished and the results then fully analyzed using

composite theory.

As the properties of the host proteins are improved it wdil become most interesting to explore

composites which include very fine scale suspensions of high perm'uttivity inorganic ferroelectrcs.

The MRL has a DARPA sponsored progr"am on Ferroic Nanocomposites which can supply just the

types of powders needed for these studies.

A property of the gelatin which has not been exploited so far is its viscoelastic behavior

which could be used to impart handedness (chirality) to these gelatir hased compounds and

Composites.

F-rm the -lear evidence of rrinne rvrnelectnc" resronse, it is evident that the modified celatin

films must also be piezoelectic. however because of viscoelasticity at room temperatur'm it will be

;hfficult to measure by traditional resonance methods. For initial studies we would propose '-

explore the response under nonresonant conditions by using the MRL's AC ultradilatometer which

is capable of measuring AC strains down to lO- A.



If the piezoelectic response is interesting it may then be worthwhile to concentrate some

efforts upon stiffening the structure for resonant applications.

The pyroelectric and piezoelecmc responses indicate that the poled gelatins should also have

non-zero linear electrooptic and nonlinear (SHG) coefficients. As the optical quality of the gelatin

sy.c:ems is improved, it will be imporMnt to explore these optical responses.
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