4738

J. Am. Chem. S0d.999,121,4738-4743

A Remarkably Efficient Azobenzene Peptide for Holographic

Information Storage

Palle H. Rasmussen, P. S. Ramanujam, Sgren

Hvilsted, and Rolf H. Berg*

Contribution from the Risg National Laboratory, DK-4000 Roskilde, Denmark

Receied April 24, 1998

Abstract: A new family of proline-based azobenzene

peptides (DNO) for holographic information storage is

reported. By use of polarization holography, it was found that gratings with extraordinarily high diffraction
efficiency (up to 80%) can be recorded in hundreds of milliseconds~i2wum-thick film of dimer 10. This

represents a decrease of the response time by more

than 2 orders of magnitude when compared to that of the

ornithine-based DNO dimer previously reported. Furthermore, it supports the expectation that increasing the
rigidity of the peptide backbone is crucial in the design of effective azobenzene peptides for optical recording.
Gratings recorded ii0 can be erased by circularly polarized light in a few seconds. It is also noted that,
unlike DNOs previously reportedQis soluble in common organic solvents and can be assembled by solution-

phase synthesis, which is mandatory for large-scale

Introduction

Optical holograph¥? provides unique opportunities for
storing information at high density and opens up new applica-
tions that cannot be contemplated with other techniques. While
much attention will continue to be focused on the use of

inorganic crystals as erasable holographic storage media, organic

materials potentially offer major advantages, such as easy
processing and versatility in tailoring of properties. Desirable
organic materials should exhibit high diffraction efficiency and
fast response, high resolution and permanent storage until
erasure, easy erasure, and no high electric field to promote
recording or reading, and they should be amenable to large-
scale production. Azobenzene polymé&r¥) photorefractive
polymerst~13 photopolymerizable liquid-crystalline mono-
mers!+13liquid crystals!® and glasség have been investigated
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Figure 1. Under illumination tw = 488 nm), the azobenzene
chromophore is reversibly isomerized througins—cis—transcycles.

As a consequence, the chromophore undergoes a number of random
reorientations. The optical transition moment axis (the arrow) lies
approximately parallel to the long axis of tt@ns-azobenzene.

to fulfill these criteria. The basis for the storage process is a
light-induced change in the material’s refractive index. In
azobenzene polymers, this change can be provided through
alignment of the chromophores. Thus, the azobenzene chro-
mophore reorients randomly through a number of laser-induced
trans—cis—transphotoisomerization cycles (see Figure 1) until
eventually its optical transition moment axis, which lies ap-
proximately parallel to the long axis of theans-azobenzene,

lies in a plane perpendicular to the polarization direction of the
laser beam (see Figure 2). Oriented in this manner, the
azobenzene cannot absorb the light and isomerize, and, thus, it
will be in a stationary orientaion.

Recently, a novel class of oligopeptides with azobenzene
chromophores attached to an ornithine-based backbone (DNO,
Figure 3) was investigated as new material for holographic
information storagé® The photochromic properties of azoben-
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Figure 2. A stationary orientation is obtained when the optical
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Figure 4. Conceptual model that illustrates the (speculative) rationale

transition moment is oriented in a plane perpendicular to the polarization behind the DNO design. Assuming thaisoriented perpendicular to

direction (B of the laser beam.
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Figure 3. Chemical structures of ornithine-based DNO, DNA, and
proline-based DNO.

zene-containing polypeptides, introduced by Goodman an
Kossoy more than three decades &Ybave been investigated
in numerous studie®, and, in regard to holographic storage,

spiropyran-containing polypeptides have been investigated as

well 2
In analogy to the design of peptide nucleic acids (PR
DNO?5 has a molecular geometry similar to that of DNA. The

the plane of the paper, it is then clear that any axis (arrow) lying in the
plane of the paper, or in a plane parallel to the paper, will be in a
stationary orientation. Thus, in the three cases shown, i.e., the single
azobenzene with its optical transition momemt lying alongytaeis,

the two neighboring azobenzenes held together in a parallel orientation,
and the two neighboring azobenzenes stacked on top of each other in
a nonparallel orientation, the molecule in question is in a stationary
orientation. In all three cases, the molecules can be rotated in the plane
of the paper while retaining themselves in a stationary orientation.
Furthermore, the single azobenzene can be rotated in any position
around its axis while retaining itself in a stationary orientation. Likewise,
the two azobenzenes held together in a parallel orientation can be rotated
around either one of the axes while retaining the molecule in a stationary
orientation. However, if the molecule with the two azobenzenes oriented
in a nonparallel manner (i.e., the DNO molecule) is rotated in any
position, other than 180 around either one of its axes, it leads to a
situation where the neighboring axis will no longer be oriented in a
stationary orientation because it would still be able to undergo
photoisomerization cycles. As a result, there should be considerably
fewer (“one dimension” less) stationary orientations possible in this
case. In other words, with the DNO molecule, a more uniform alignment
of the molecule might be expected than in cases where the azobenzenes
either are not stacked or are stacked parallel to one another.

diffraction efficiency, which indicates how much of the light
entering the sample is diffracted by the holographic gratings,
can be recorded in films only a few micrometers thick of a
simple dimer = 1, Figure 3) or longer oligomers. No electric
field is required to obtain the high diffraction efficiency, and

dthe holograms, which have lifetimes on the order of years at

room temperature, can be erased by exposure to circularly
polarized light. In the case of the dimer, it takes about 5 min to
obtain a diffraction efficiency of 75%. From both scientific and
practical viewpoints, shortening the response time would be
highly desirable. In the present study, we sought to modify the
backbone in a manner that would permit faster recording.

basic idea underlying the design of DNO was to construct a Experimental Section

molecule in which neighboring azobenzene groups are posi-

General Methods.*H NMR and*3C NMR spectra were recorded

tioned in such a way that the transition moment axes are on a Bruker DPX-250 spectrometer at 300 K. Chemical shifts are

nonparallelly oriented in planes parallel to one another (see
Figure 4). This was expected to lead to a more uniform

expressed ad values in parts per million (ppm) relative to an internal
standard of TMS. NMR spectra were recorded in CPGhless

alignment of the chromophores and the backbone since thereotherwise indicated. Melting points and glass transitions were deter-

should be fewer stationary orientations possible. The results

showed that holographic gratings with extraordinarily high

(19) Goodman, M.; Kossoy, Al. Am. Chem. Sod966 88, 5010~
5015.

(20) For a recent review, see: Pieroni, O.; Fissi, A.; PopovaRiGg.
Polym. Sci1998 23, 81-123.
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254, 1497-1500.

(23) Egholm, M.; Buchardt, O.; Nielsen, P. E.; Berg, RJHAm. Chem.
Soc.1992 114 1895-1897.
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Soc.1992 114, 9677-9678.
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mined by differential scanning calorimetry (DSC) of the second heating
trace at a rate of 10C/min.

Materials. All reagents were obtained at highest commercial quality
and used without further purification, unless otherwise stated. All
solvents used were of superpurity grade.

N-Ac-L-cis-Hyp-OMe (2). To a stirred solution of HCH-L-cis-Hyp-
OMe (1, 4.0 g, 22.0 mmol) in dioxareH,0 (1:1, 20 mL) at ®C was
added NaHC® (4.0 g, 47.6 mmol) in small portions over 10 min,
together with acetic anhydride (2.32 mL, 24.5 mmol) in dioxaHgO
(2:1, 5.0 mL), dropwise over 30 min. Aft@ h at 25°C, the resulting
solution was concentrated in vacuo, diluted with saturated aqueous NacCl
(20 mL), and extracted with CHE(10 x 15 mL). The pooled extracts
were dried (MgSG) and concentrated to a clear oil. Yield: 4.0 g (97%).
IH NMR: 6 1.95 (s, 1H), 2.05 (s, 3H), 2.30 (m, 2H), 3.60 (m, 2H),

azobenzene peptides used in the previos work (ref 18) were all based on3-71 (s, 3H), 4.36 (m, 1H), 4.42 (m, 1HFC NMR: ¢ 21.95, 37.06,

diamino acidN®-substitutedoligopeptides.

52.47, 56.16, 57.22, 70.50, 169.87, 173.88.
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Figure 5. Experimental setup for polarization holography. M1, M2,
and M3 are mirrors; HWP, half-wave plate; QWP, quater-wave plates;
PBS, polarization beam-splitter; D, detector.

Chart 1

10

4-[(E)-2-(4-Hydroxyphenyl)-1-diazenyl]benzonitrile (3).To a solu-
tion of 4-aminobenzonitrile (7.08 g, 0.06 mol) in 99% ethanol (60 mL)
was addd 6 N HCI (100 mL), causing immediately a precipitate. The
ethanol was removed in vacuo at maximum°®gs After the mixture
was stirred for 10 min at 0C, a precooled (0C) solution of NaNQ
(4.14 g, 0.06 mol) in KO (60 mL) was added dropwise, constantly
keeping the temperature below°®&. The cold mixture was added
dropwise to a solution of phenol (5.64 g, 0.06 molBiN NaOH (200
mL), constantly keeping the temperature betweénand—1 °C. The
reaction mixture was stirred fd. h and left for 16 h. The precipitate
was washed with kD, dissolved in 50% aqueous ethanol (800 mL),
and then precipitated with 12 N HCI, filtrated, and air-dried. Yield:
11.3 g (84%), mp 190C. *C NMR (DMSO-): 6 112.15, 116.10,
118.42, 122.64, 125.48, 133.41, 145.34, 154.31, 162.08.

N-Ac-L-trans-Pro(4-{ 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]phe-
noxy})-OMe (4). To a stirred solution of compoun?i (3.90 g, 20.8
mmol), compound (7.10 g, 31.7 mmol, 1.5 equiv), and PRB.11 g,
23.3 mmol, 1.1 equiv) in dry THF (50 mL) was added &@diethyl
azodicarboxylate (DEAD) (3.66 mL, 23.3 mmol, 1.1 equiv), and the
mixture was stirred at 23C for 16 h under argon. The resulting

Rasmussen et al.
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Figure 6. UV—visible absorption spectrum df0 coated as a very
thin film (approximately 100 nm thick) on a glass substrate.

phases were concentrated to an orange solid, which was dissolved in
chloroform—methanol (4:1,~50 mL) and purified on basic alumina
with chloroform (350 mL), 10% citric acid (350 mL), and methanol
chloroform (1:4, 250 mL) as eluents. Yield: 6.0 g (94%). NMR
(DMSO-dg): 0 2.01 (s, 3H), 2.30 (m, 1H), 2.60 (m, 1H), 3.80 (d, 1H,
J=11.52 Hz), 3.95 (d, 1HJ = 4.13 Hz), 4.33 (t, 1H) = 7.96 Hz),

5.28 (bs, 1H), 7.22 (d, 2H] = 8.77 Hz), 7.96 (bd, 4HJ ~ 8.6 Hz),

8.05 (d, 2H,J = 8.41 Hz).3C NMR (DMSO-ds): 6 22.09, 34.62,
52.78, 57.12, 76.29, 112.63, 116.15, 118.46, 122.91, 125.30, 133.73,
146.41, 154.10, 160.33, 168.54, 172.91.

N-BocA -trans-Pro(4-{ 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]phe-
noxy})-OMe (7). To a stirred solution of methyl-Boc-cis-4-hydroxy-
L-prolinate6 (5.0 g, 20.38 mmol), compouridl(5.92 g, 26.50 mmol,

1.5 equiv), and PRH(5.88 g, 22.40 mmol, 1.1 equiv) in dry THF (100
mL) was added at OC diethyl azodicarboxylate (DEAD) (3.53 mL,
22.40 mmol, 1.1 equiv), and the mixture was stirred at@3or 16 h
under argon. The mixture was concentrated in vacuo to a red oil, which
was dissolved in chloroform~15 mL) and run through basic alumina
using chloroform as eluent. The resulting solution was concentrated in
vacuo to an orange solid, which was purified by flash chromatography
on a silica column (3« 18 cm) using methylene chlorigi@iethyl ether
(9:1) as eluent. Yield: 7.5 g (82%)H NMR: ¢ 1.40 (s, 9H), 2.55

(m, 2H), 3.75 (s, 3H), 3.85 (m, 2H), 4.55 (m, 1H), 5.02 (m, 1H), 6.94
(d, 2H,J = 8.6 Hz), 7.80 (d, 2HJ = 8.5 Hz), 7.95 (bd, 4H) = 8.5

Hz). 13C NMR: ¢ 28.02, 35.20, 51.94, 52.90, 57.58, 74.72, 80.12,
112.91, 115.53, 119.73, 122.76, 125.13, 132.92, 146.67, 154.14, 159.96,
170.64, 172.57.

N-Boc+-Ala-L-trans-Pro(4- 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]-
phenoxy} )-OMe (8). Compound? (4.0 g, 8.88 mmol) was stirred in
trifluoroacetic acid-methylene chloride (1:1, 100 mL) at°C for 1.5
h. The mixture was concentrated in vacuo and coevaporated with
benzene-methylene chloride (1:1, & 50 mL) to a red oil, which was
dissolved in dry THF (100 mL). Boc-Ala-OH (1.68 g, 8.88 mmol),
1-hydroxybenzotriazole (HOBt) (1.20 g, 8.88 mmol), andNe(5.1
mL, 26.6 mmol, 3.3 equiv) were added, and the mixture was cooled to
0 °C. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(WSCHCI) (2.16 g, 11.28 mmol, 1.27 equiv) was added, and the
mixture was stirred for 16 h at 20C under argon. The mixture was
concentrated in vacuo to a red oil, which was dissolved in chloroform
(100 mL) and washed with water (8 100 mL). The organic phase
was concentrated to a foam, which was purified by flash chromatog-

suspension was filtered, and the remanence was washed with cold THRaphy on a silica column (5 18 cm) using chloroformrmethanol

(0 °C, 10 mL) and dried. Yield: 6.80 g (83%)d NMR: ¢ 2.15 (s,
3H), 2.55 (m, 2H), 3.75 (s, 3H), 3.91 (m, 2H), 4.80 (bd, 14+ 10
Hz), 5.20 (bs, 1H), 6.97 (d, 2H,= 8.9 Hz), 7.82 (d, 2HJ = 8.6 Hz),
7.97 (d, 4H,J = 8.7 Hz). °C NMR: ¢ 22.28, 34.89, 52.38, 53.00,

(95:5) to a red solid. Yield: 4.45 g (96%) NMR: 6 1.37 (d, 3H,

J = 7.1 Hz), 1.40 (s, 9H), 2.28 (m, 1H), 2.63 (m, 1H), 3.78 (s, 3 H),
3.95 (dd, 1H,J = 4.3+ 11.3 Hz), 4.06 (d, 1H) = 11.3 Hz), 4.47 (p,
1H,J = 7.5 Hz), 4.71 (t, 1H] = 8.2 Hz), 5.14 (bs, 1H), 5.39 (d, 1H,

57.05, 76.01, 113.50, 115.81, 118.53, 123.14, 125.51, 133.17, 147.31J = 7.8 Hz), 6.97 (d, 2HJ = 8.9 Hz), 7.79 (d, 2HJ) = 8.5 Hz), 7.95

154.61, 159.68, 169.43, 171.19.

N-Ac-L-trans-Pro(4-{ 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]phe-
noxy})-OH (5). To a stirred solution/suspension 4f(6.62 g, 16.9
mmol) in THF (150 mL) at 0C was added LiOH (611 mg, 25.5 mmol,
1.5 equiv) in water (50 mL), and the mixture was stirred for 16 h at 5
°C. The mixture was acidified with 10% aqueous citric acid top8i
and extracted with chloroform (% 200 mL). The combined organic

(dd, 4H,J = 8.5+ 8.9 Hz).*3C NMR: ¢ 18.33, 28.28, 34.55, 47.79,

52.24, 52.50, 57.73, 75.90, 79.65, 113.40, 115.69, 118.56, 123.14,

125.56, 133.16, 147.31, 154.58, 155.01, 159.77, 171.84, 172.05.
N-Boc+-Ala-L-trans-Pro(4-{ 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]-

phenoxy} )-NH; (9). Compound8 (4.0 g, 7.67 mmol) was dissolved

in a solution of ammonia in methanol (8 M, 200 mL) and stirred for

12 h at 60°C. The mixture was concentrated in vacuo to a red solid.
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Figure 7. (A) First-order diffraction efficiency as a function of time, 4H) 4.7 H 1H) 5.1 1H 7 4H). 7.7
measured during the grating formation 4rl.3-um-thick film of 10. gm 4H))77.98((;?’83H)Z’3(!:3.l?lﬁ/lkm(’CD():’l5. 681(;“2'4 2)2' 229 3g?3’0 3;” 8'1 °
From the observeq diffraction efflmency of 80_% and a film thickness 47.15, 52.33, 53.06, 58.48, 59.27, 75.63, 75.91, 113.22, 115.48, 115.58,
of about 1Qum, an index modulation of approximately 0.08 at 633 nm 118.44 123.01. 125.41. 133.04. 146.99. 154.36. 159.75  159.98. 170.26
can be calculated, assuming that diffraction is due to change in refractive ;5 601 171 91’ 173 07' MALDI—’TOF—M’S (DHB)]"VZ M +’H+) four,1d '
index alone. (B) Plot of 1/(reciprocal time to reach 70% diffraction (cal(.:d)’768'2 (’767 é) '
efficiency) against intensity fot0. Preparation of DNO Films. Films were prepared by dissolving 25

] . mg of DNO in a solution of hexafluoro-2-propandtifluoroacetic
Yield: 3.88 g (-99%)."H NMR: 6 1.35 (d, 3H,J = 6.8 Hz), 1.40 (s, acic—methylene chloride (76:18:6 (v/v/v), 400.). The resulting red
9H), 2.38 (m, 1H), 2.68 (m, 1H), 3.95 (m, 2H), 4.49 (t, 1H= 6.8 solution was filtered through a syringe filter (Quih pore size). Next,
Hz), 4.79 (dd, 1H) = 6.3+ 7.8 Hz), 5.21 (m, 1H), 5.51 (d, 1H,= 10-14 drops of the solution were cast on a glass plate (20 mm in
7.8 Hz), 6.13 (m, 1H), 7.01 (d, 2H,= 8.9 Hz), 7.77 (d, 2HJ = 8.5

diameter) in a desiccator, and vacuum was immediately applied. The
Hz), 7.93 (dd, 4HJ = 8.5 + 8.9 Hz).13C NMR: ¢ 18.10, 28.23,

film was dried for 30 min in the desiccator and then transferred to an
33.39, 47.92,52.16, 58.35, 75.92, 79.73, 113.26, 115.66, 118.47, 123.04¢yen at 90°C overnight. The thickness of the film in question was

125.45, 133.06, 147.13, 154.51, 155.01, 160.05, 172.78, 172.94.
N-Ac-L-trans-Pro(4-{ 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]phe-
noxy})-L-Ala-L-trans-Pro(4-{ 4-[(E)-2-(4-cyanophenyl)-1-diazenyl]-
phenoxy} )-NH> (10). Compoundd (2.0 g, 3.95 mmol) was stirred in
trifluoroacetic acied-methylene chloride (1:1, 100 mL) at°C for 1.5
h. The mixture was concentrated in vacuo and coevaporated with Results and Discussion
benzene-methylene chloride (1:1, & 50 mL). The resulting red oil - . .
was dissolved in methylene chloride (200 mL), angNg2.0 mL, 11.8 It was en\”s'oned from previous wdfkthat constraining the
mmol, 3.0 equiv) was added. A solution B{1.79 g, 4.74 mmol, 1.2 conformational free.d(.)m of t.he DNO backbone'structpre would
equiv), E§N (2.0 mL, 11.8 mmol, 3.0 equiv), and benzotriazol-1- lead to a more efficient alignment of the neighboring chro-
yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) (2.09 mophores. It appears logical that tbeordinatedreorientation
g, 4.74 mmol, 1.2 equiv) in methylene chloride (200 mL) was added, of chromophores in a molecule will be more efficient the more
and the mixture was stirred for 12 h. The mixture was concentrated in strongly or more rigidly the chromophores are held together.
vacuo to approximately 15 mL and purified by flash chromatography Based on this rationale, proline-based DNO, shown schemati-
on a basic alumina column (¢ 3 cm) using chloroformmethanol cally in Figure 3, was designed. While retaining a similar

(85:15) as eluent. The resulting mixture was concentrated in vacuo to yojacular molecular geometry, the proline-based backbone
a red solid, which was dissolved in ethyl acetate (150 mL) and washed

with aqueous KHS®(10% w/w, 2x 100 mL), water (2x 100 mL), WOUId_ be more ngl.d than the_ o_rnlthlne-based_ one due to the
and aqueous NaHGO(2 x 100 mL), dried with MgS@ and pyrrolidine ring, which also mimics the sugar ring of the DNA

concentrated to a red solid. Yield: 2.65 g (88%). NMR (CDCl):
0 1.40 (d, 3H,J = 6.4 Hz), 2.06 (s, 3H), 2:42.7 (m, 4H), 3.874.05

measured with a Dektak profiler. Films with a thickness ranging from

1 to 15um were prepared to produce the reference curve shown in
Figure 7. The thickness of the individual films examined typically had

a variation in the thickness of less thar3%.

(26) Merrifield, R. B.J. Am. Chem. S0d.963 85, 2149-2154.
(27) Merrifield, B. Sciencel986 232, 341-347.
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after the two beams from the argon ion laser were switched
off, and, after 3 s, one of the argon ion beams (12.5 mWAmm
was switched on again. The diffraction efficiency decreased
rapidly and reached a level of 1.2% in less than 3 s. It is noted
that the erasure process is much faster than that previously
observed with ornithine-based DNO. The duration of the
exposure required to reach a certain diffraction efficiency is
inversely proportional to the intensity of the recording beams
over a wide range, indicating that no significant thermal effects
are involved in the recording process. Thus, a plot of the
reciprocal of the time it takes to reach 70% diffraction efficiency

backbone structure. A series of proline-based DNOs was against the intensity of the laser power gave a straight line

prepared by Merrifield solid-phase synthe®d’ and their

(Figure 7B). For holograms recorded 10, with an exposure

recording properties were examined by polarization hologra- time of about 1 s, lifetimes of now more than 1 year have been

phy28 Films of good optical quality with a thickness of
approximately 10um were obtained from hexafluoro-2-pro-

observed. The holograms can be erased thermally if heated to
about 110°C. No first-order thermal transitions were detected,

panolic solutions. When the films were examined in a polariza- by differential scanning calorimetry, in the temperature range
tion microscope, they exhibited no birefringence. The setup usedfrom 25°C to the decomposition temperature (about 220.

for conventional two-beam polarization holography is shown
in Figure 52° Two orthogonally circularly polarized beams at
488 nm from an argon ion laser, with a total intensity of 25
mW/mn?, were used to record holographic gratings in the film.
The spacing of the gratings is about &m, and the spot size
is about 3 mm in diameter. A circularly polarized beam at 633
nm from a 4.2-mW heliumneon laser was used for read-out.

However, a glass transition was observed at around°Cl6
suggesting that the material is amorphous.

As shown in Figure 8A, recordingerasure cycles can be
performed in a film of10 if the film-coated glass is irradiated
through the glass side. If the film was irradiated directly, that
is, from the film side, the first-order diffraction efficiency
decreased rapidly after a few cycles (see Figure 8B) as the

DNOs were tested, with the best one identified from this series diffraction was spread into other orders. This is due to a large

as dimerl0 (Chart 1)3° The UV—visible absorption spectrum
of dimer 10 is shown in Figure 6, and as shown in Figure 7A,

surface relief, which is created when the film is irradiated from
the film side, as seen by using atomic force microscopy (not

it gave a first-order diffraction efficiency of 75% in about 800 shown). An obvious explanation of the surface relief is to be
ms. The maximum efficiency, approximately 80%, was reached found in the role played by the free surface. When the laser
in about 1 s. At recording times longer than 1 s, the efficiency beams enter from air into the film, the first surface is the free

is lowered. The response @D is more than 350 times faster

than that of the ornithine-based dimer. After exposure, the
illuminated film, when examined between crossed polarizers,

exhibits birefringence. The diffraction efficiency remained stable

(28) Itis not necessary to use polarization holography for these materials.

Itis possible to record with the same polarization. However, the diffraction
efficiency varies according to the polarization combination. It is possible
to achieve 100% diffraction efficiency with two orthogonally circularly
polarized beams for the writing and one circularly polarized beam for the
read out, even in thin films. See, e.g.: Todorov, T.; Nikolova, L.; Tomova,
N. Appl. Opt.1984 23, 1342.

(29) A general discussion on interference, diffraction, and holography
can be found in the following: Collier, R. J.; Buckhardt, C. B.; Lin, L. H.
Optical Holography Academic Press: New York, 1971.

(30) The synthesis and recording properties of the complete series will

be reported elsewhere.

surface of the film. Due to the higher intensity, a surface relief
is likely to occur at this surface. On the other hand, when the
laser beams enter the film through the glass surface, the first

film surface is the surface in contact with the glass. No surface

relief is possible at this interface. When the beams leave the

free surface of the film, their intensity has decreased due to the

absorption in the film. The surface relief has thus an extremely
low magnitude. Studies are currently underway to examine this
phenomenon. In Figure 9A, it is seen that the first-order
diffraction efficiency decreases rapidly if the film thickness
becomes less thangm. The reference curve shown in Figure
9B can be used for indirectly estimating the thickness of a film.
Another important factor for the development of holographic
recording materials is the ease of their preparation for large-



Azobenzene Peptide for Holographic Information Storage

Scheme 2

o]
M“"(_/j\\c’" 3/PPhyDEADITHF M‘°‘<_/)»°
Boc Boc
6 7 (82%)

o]
1) TRA/CHCl Meo 0 NHyMeOH  mgn o
————— o ——. N
z ES

2) Boc-L-AlHOBt M 60°C 1 en
Et;N/THF O)\-‘ o)j‘
WSC-HCL NHBoc NHBoc

8 (96%) 9 (>99%)

1) TFACCH Clp

—_— . 10 (88%)

2) 5mop
Et3N
CH,Cly

J. Am. Chem. Soc., Vol. 121, No. 20471439

in the pyrrolidine ring, with an azobenzene chromophore in the
(R)-configuration using the Mitsunobu reacti®hSynthesis of

the two building blocks (Scheme 1) an® (Scheme 2) was
readily accomplished in three and four steps, respectively, and
in 76% and 79% overall yields, respectively. After deproctection
of the Boc group,9 was coupled tdb, providing 10 in 88%
yield. The peptide was characterized Hy and 13C nuclear
magnetic resonance spectroscopy and shown to have the
expected molecular mass by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. Small amounts of
impurities could be detected by high-perfomance liquid chro-
matography (HPLC). A small fraction dfO was purified by
HPLC, but this did not lead to any improvement of the recording
properties, indicating that the behavior ®® is not affected
significantly by the presence of impurities. Sint@ contains
proline residues, studies are in progress to investigate the
possiblecis—trans isomerization of the peptide bonds.

Conclusion

In summary, a strategy that focuses on increasing the rigidity
of the backbone has led to the design of a new class of
azobenzene peptides that eliminates some of the limitations
associated with the first generation of DNOs. With regard to
the response time, by adding further structural constraints to
the molecule, there may be a good deal of room for further
improvement. For potential use in volume holography, recording
in thick films of the order of 1 mm is needédThe greatly
improved solubility properties df0 should increase the chance
of finding a polymer host more suitable for “dilution” of DNO
than the previously reported one consisting of polystyrene-
grafted polyethylené333Besides peptides, the work described
here suggests that a wide range of other small and rationally

designed, rigid azobenzene molecules may prove valuable for
holographic storage of information. Widespread applications of
any azobenzene system will rely on the commercial production
of blue laser diodes, which is expected to be realized in the
very near futuré?

scale availability. Because of their insolubility in organic
solvents other than trifluoroacetic acid and hexafluoro-2-
propanol, the ornithine-based DNOs could only be assembled
by solid-phase synthesis, which is difficult to scale-up to
multigram or larger quantities. By contrast, the proline-based
ones are soluble in methylene chloride, chloroform, acetonitrile,  Acknowledgment. This paper is dedicated to Professor
and other solvents compatible with solution-phase synthesis. james P. Tam on the occasion of his 50th birthday. We thank
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tion, which is a prerequisite for the production of low-cost chromatography. We thank Ms. Anne Banke Nielsen and Ms.
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of the hydroxy group o2 and6, which has the$)-configuration
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