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lllumination of photosensitized (PMMA) with light triggers nonlinear polymerization processes. In
this way periodical density structures with neatlff* lines/mm can be generated which are beyond
the resolution limit of light-optical investigation methods. We report on the first direct experimental
observation of such higher harmonics in deuterated (PMMA) by the nondestructive method of diffraction
of neutrons at a wavelength of 1.2 nm. Diffraction efficiency of the second harmonic was found to be
200-500 times weaker than that of the first order. The origin of higher harmonics is attributed to the
nonlinearities of the processes of chain growth and of termination. [S0031-9007(98)05599-9]

PACS numbers: 61.12.—q, 42.40.—i, 42.65.—k, 42.70.-a

One of the main advantages of small angle neutromossible to reacliN; =~ 10** m~3, which corresponds to
scattering is that both organic (e.g., the structures obn; = 10~3%, gratings can be produced which diffract neu-
ribosomes [1]) and inorganic (e.g., the location of clustergrons with an efficiency of about 71% [6]. An important
in metals [2]) materials can be studied nondestructivelyadvantage of PMMA is its high resolution capability which
In this context the discovery of neutron diffraction by is, e.g., required for the development of interferometers for
photoinduced gratings in polymers [3] has opened severalold neutrons [7]. Artificial development of density grat-
interesting perspectives for polymer research: Diffractiorings with a profile containing strong higher harmonics per-
of cold neutrons (with wavelengths from 0.5 to 1.5 nm)mits deflection of neutrons at even larger angles and could
provides a very sensitive tool for the study of relaxationappreciably facilitate the development of neutron optical
processes in nonordered materials including those ielements. The first experimental demonstration of such
polymers [4] and can, in particular, be applied to the studyhigher harmonics of density gratings, which, in principle,

of light-induced processes in polymers. cannot be studied by the diffraction of light even though
If PMMA, doped with a photoinitiator, is exposed to they were induced by light, and the physics of their origin
a sinusoidally modulated light pattern with peridd=  are the subjects of the current Letter.

27 /K, a mass density grating is created by polymeriza- The preparation of photosensitvéePMMA samples
tion which modulates the refractive index for neutronsstarts with purification of liquid d-MMA monomer

[5]. Besides the first harmonics such density gratinggCs;0O,Dg) with a content of 99.8% deuterium. A thermal
may also exhibit higher harmonics with spatial frequen-initiator (to speed up prepolymerization) and a photo-
cies2K,3K,...,hK. This can intuitively be understood initiator with maximum absorption near 340 nm (to
from the inherent nonlinearities of chain growth and ofsensitize the samples in the near UV region) are added.
termination of the photoinitiated macroradicals which areAll procedures were performed in an argon atmosphere
involved in the formation of the density profile. The to avoid contact of the distilled monomer with air. The
modulation of the total number density, which includes process of prepolymerization odfPMMA took place for
free monomers as well as monomer units bound in poly48 h at a temperature of 5C.

mer chains, is given b§N(x) = 6Ny + 8N; cogKx) + Volume gratings with grating spacings of 400, 250,
8N, co92Kx) + ---. The amplitude of the refractive in- and 204 nm were recorded at room temperature into
dex modulation for neutrons is proportional . Its threed-PMMA samples using a conventional two-wave
hth Fourier coefficient { = 0,1,...) can be written as mixing configuration [8] and an Arlaser at a wavelength
[5] ény = (A§/27r) b. 8N, where A, is the wavelength of 351 nm. The laser beam was expanded 20 times to
of the neutrons and. is the coherent scattering length fully illuminate the whole area of each sample at a size
of one monomer unit (95 fm fod-PMMA). As it is of 400 mn?. However, only half of the sample was
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illuminated during recording of the grating with =

204 nm because the angle between the writing beams
exceeded 120 Total intensity of light on the entrance
face of the sample was 150 AW?, and the recording time

detector width / cm
25 20 15 10 5 0

neutron counts / .;
45 min 20 mm?

was 30 s. The diffraction efficiencies of the samples were
determined at 351 nm by diffraction of beams attenuated
by a factor of 100 with respect to the writing intensity.
For all three samples, diffraction efficiency for light
exceeded 50% at the Bragg angle.

The neutron diffraction experiments were performed at
the Small Angle Neutron Scattering Facility SANS-2 of
the Geesthacht Neutron Facility (GeNF). A neutron beam
at a wavelength of 1.2 nm with a wavelength distribution
AA/A = 0.2 and a lateral divergence of 1.25 mrad was |
used in our experiments. The distance between the
sample and the detector matrix was 21.72 m. The pixel
size of the detector matrix wak45 X 0.45 mn?. The L L L L 25
cross section was limited td0 X 10 mm? by a Cd
diaphragm in front of the sample. The neutron flux
incident on the entrance face of the sample wa$ X
10* s, Only 1.08 X 10* neutrons per second were
transmitted by the-PMMA samples. After correction for
the transmission of the quartz windows, this corresponds
to a transmission of 74%. The thickness of the sample is
d = 2.2 mm which gives a value d.14 + 0.01 mm™!
for the primary extinction coefficient. i

The diffraction patterns obtained with cold neutrons
were particularly interesting for the samples with 250 and
204 nm: distinct second order Bragg peaks corresponding
to spacings ofi25 = 5 nm and102 = 5 nm were clearly
detected for the samples with fundamental spacings of 250
and 204 nm, respectively (Fig. 1). The numbagisand
A, of neutrons counted by the matrix detector in the spots

u / 1yS1ey 1030039p

It diffraction order

24 diffraction order A=250nm
A=125nm

- 20

detector width / cm
25 20 15 10 5 0
" L 1

wo / Y319y 1030910p

It diffraction order
A=204 nm

24 diffraction oréer

corresponding to the spatial frequenci€sand 2K and o A=_102?m L

25

the numberA,,; of neutrons transmitted by the sample

were corrected by subtracting the statistically distributed=IG. 1. Distribution of the neutrons on the detector matrix.
backgrounds. From these data the diffraction efficiencie§ragg spots corresponding to the secobil)(harmonics of the
112(8) = A1(8)/ Ao Were calculated as a function of the ight-induced density grating are clearly observed.

angle between the wave vector of the neutron flux and

the vector normal to the entrance face of the sample. Th@eutron beam, the “ideal” diffraction efficiency for a per-
neutrons in th&K spots were counted for 5400 and 3600 sfect neutron beamyi? = % ff; n(0)d6 was evaluated
for the samples with 204 and 250 nm, respectively, at eachy integrating the rocking curves [9]. Fromﬁd , abso-
angular setting. The diffraction efficiency of the secondlute values of the first harmonic of the density amplitude
harmonics as a function of the angle is shown in Fig. 25N, of the monomer units were found to K& * 2) X

for all three samples. The diffraction ordetsk have an  10** m™3, (2.3 = 0.1) X 10** m™3, and (1.6 = 0.2) X
exactly symmetrical location of the peaks and appear witi0?* m~3 for 400, 250, and 204 nm, respectively. The
equal magnitude and the same profiles. The widths of thealues for diffraction efficiencies of the second harmonics
Bragg peaks of the first diffraction order (not shown inwere 75 = 2.3 x 1072, 1.9 X 1073, and5 X 10~ re-
Fig. 2) are additionally broadened lyd = 0.260 which  sulting in 5N, = (5 = 1) X 10? m™3, (1.42 = 0.05) X

is, e.g., 0.48 mrad fon = 204 nm because of the large 10* m™3, and (0.73 = 0.02) X 10?* m~3 for 200, 125,
dispersion of cold neutrons and by 1.25 mrad because @nd 102 nm, respectively. The origin of the experimen-
the angular divergence of the neutron beam. Such largilly detected second harmonics can be traced back to the
contributions cause the effect of “shifting” of the diffracted fundamental nonlinearity of the light-induced postpoly-
spot on the detector matrix when readout is performed withmerization process al-PMMA. This process starts with
change of the angle. In order to normalize the data wittthe decay of a molecule of the photoinitiatSrwith a
respect to the large spatial and temporal incoherence of thigobability k.7 into two radical molecule®, under the

3273



VOLUME 80, NUMBER 15 PHYSICAL REVIEW LETTERS 13 ARIL 1998

10 e four main processes: reaction diffusion of the radical po-
r ] sition, diffusion of monomer units, chain growth, and
200 nm 1 termination of the radicals. Reaction diffusion of radi-

cals is the migration of ther electrons during chain
growth while the diffusion of monomers is a random
walk of the monomer molecules. The current density of
1 monomer units and of the radical molecules can be writ-
ten asJy g = —DyrdNyr/dx. HereDy and Dy are
diffusion coefficients for monomers and the reaction dif-
fusion constants for radical (chains). By using the conti-
nuity equation for monomers and radicals, we obtain the
following equations for the number density of radicAls

and monomer®/,,:

e
T
1

Diffraction efficiency, 1 x 10

0°Ng ) INR
-D + k,Nj = ——, 5
R ax2 "R ot ©)
>Ny INy
-D + k,NgNy = ———. 6
M~z pIVNRIVM a1 (6)

A similar model has been studied by Marotz [10].
However, the appearance of higher harmonics in the
model was entirely attributed to the consequence of
overexposure in the photopolymerization process. This
FIG. 2 Diff_racti_on efficiency of the Se(::Oﬂd harmonics of the does not apply to our experimentS, because the exposure
density grating ind-PMMA as a function of the angle of e was so short that such a source of nonlinearity can
incidence. . o

be excluded. In our model the nonlinearity is related to
the chemical processes during postpolymerization such as
o termination of radicals [Eg. (5)].
S = 2R;. 1) After a brief exposure to light, the initial distribu-

The radicals grow by adding free monomers with atlon of radicals at the time = 0 can be written as

o : . . “Ng(0) = Ng(0)[1 + acodKx)], wherea < 1, andNy is
fr:gb;z'gﬁ’o r]:poftomgc]:?or(;r:j?g;ﬁ*Tvr:/lifh Pocess ﬁii‘;':ﬁs'” the average of the initial distribution of radicals. With

depending on the number of monomer unitsin the this starting c_ondltlon, we solved Egs. (5) and (6) numeri-
radical chain, cally. By taking the values of the chemical constants for

K PMMA from the literature [11], we originally studied the
R, + M =R, n=01.... (2)  behavior up to the second harmonics, considefivg, =

We assume here that the probabilities of the chemical r2®Ny0 + 8Ny,1 COSKx) + 8Ny c0s2Kx). This as-
actions are independent from the chain length of the radigumption is based on a Fourier analysis of the func-
cal which is plausible above a certain chain length. By thdi®n Nu and also on the experimental observation that
coupling of the two free radical electrons the interacting®™ly ™o harmonics,k and 2K, of the density grat-
radicals can recombine to one polymer molecule with thd"d aré detectable in PMMA.  To fit our experimen-
sum of the monomer units [recombination of radicals—tal data with calculations, we g,leleg:ted1 the following set
Eq. (3)]. The second process of termination is a hydro®f Parametersk, = 0.57 X 10" m’s ", k, = 0.51 X

. . 228 3| v 26 -3
gen transfer reaction and results in two polymer moleculed® = M’ s™", and Ny o = 11.88 X 10 m~. We cal-
[disproportionation—Eq. (4)] culated the starting average value of the density of radicals

action of light with intensityl during exposure time,

. . k by using experimental values of the absorption coefficient
R, + R, = Puim, (3)  and the concentratiof X 1023 m~3 of the photoinitiator.
, 3 The time of postpolymerization was6 X 10° s and the
Ry + Ry = Pyt P 4 contrasta of the grating was 0.9.
For simplicity, we assume here that the probabiliy However, to obtain coincidence between experiment

of termination by recombination and disproportionationand numerical calculations we used a valuekpfwhich

is the same, and we do not distinguish between radicavas approximately 35 times larger than that in [11].
and polymer chains of different lengths, therefore intro-We found that for a broad range of diffusion constants
ducing the total number densit}z = >._, Nz of radi-  (Dy, Dr < 1072 m?s™!), the effect of diffusion on the
cals. Now we are able to write the kinetic equationssolution for N, can be neglected. Curve No. 2 of Fig. 3
considering a one-dimensional model which describes thehows a numerical solution fa@¥,, including the second
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1,14 — T diffraction experiments even at the limiting wavelength
320 nm. If the sample shape and/or the direction of the
grating vector only permits readout under transmission
(Laue) conditions, then the practical limit is even higher,
namely,A = A/2 = 160 nm. Therefore our experiment
demonstrates for the first time that gratings arising from
light-triggered nonlinear processes can be studied by neu-
tron diffraction methods, when they cannot, in principle,
be detected by optical means because of the onset of the
fundamental optical absorption. By this we established
a new technique for the study of nonlinear processes
which are needed for the nanostructurization of matter,
T S a topic which is of high importance, e.g., for the design
0 0 100 150 W of interferometers for cold and ultracold neutrons [7]. In

X m addition, we want to stress that our method clearly allows

FIG. 3. The number density profile for the monomer concenUs 0 distinguish between linear and nonlinear processes

tration. Curve No. 1: analytical solution with the presence of?Vith first and second order kinetics, respectively. We
all harmonics; curves No. 2 and No. 3: numerical solution forobtained clear evidence that nonlinear chemical processes

the first two and four harmonics, respectively, including the ef-play an important role in the photopolymerization down
fect of diffusion. to a spatial frequencif = 3.08 X 1072 nm™!,

In summary, we experimentally observed a profile of
harmonics. For comparison, curve No. 3 shows the effedhe density grating ind-PMMA with a characteristic
of additional contributions up to the fourth harmonics.  period near 100 nm. It is not possible to resolve such

The solutionNy, (1) = Ny (0)[1 + Ng(0)k,z]~*/* of holographic structures with existing optical methods. To
Egs. (5) and (6) for the case of neglected diffusion carour knowledge, this is the first report on the possibility
be obtained by straightforward calculation. He¥g(0)  of directly observing higher harmonics of density gratings
and N (0) denote the initial concentrations for monomerin polymer materials at a primary grating spacing of less
and radical molecules. This solution is shown in Fig. 3than 300 nm.
for the selected values of the chemical constants as curve This work was funded by the BMBF of the FRG
No. 1. As can be seen, the effect of the third and fourth(Project No. RU11.12K) and supported by the GKSS.
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