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Optical Second-Harmonic Generation 

in Crystalline Amino Acids 

Abstract. Optically active amino 
acids contain many highly efficient op- 
tical second-harmonic generators. 
When light from a ruby laser at 6943 
, falls on the crystalline amino acids 
with sufficient intensity, the second 
harmonic of the light at 3471 A can 
be observed. Although the symmetry 
requirements for optical second-har- 
monic generation are always met by 
isomerically pure optically active sub- 
stances, there is considerable variation 
in efficiency for the generation of the 
second harmonic, ranging from almost 
zero to greater than that of potassium 
dihydrogen phosphate, the most effi- 
cient known. 

Our earlier investigations (1) of 

two-photon absorption in organic ma- 
terials showed that glass surfaces bear- 

ing finger smudges emitted ultraviolet 

light in the region between 3400 and 
3700 A when excited by light from a 

ruby laser with peak powers of the 
order of 100 watts. We considered the 

possibility that the emission might 
come from second-harmonic genera- 
tion by amino acids whose presence 
in finger smudges is well known (2). 
Crystals capable of generating second 
harmonics of the ruby laser light must 
have a unit cell with no center of 
inversion (3), and this requirement is 
met by crystals of isomerically pure 
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Our earlier investigations (1) of 

two-photon absorption in organic ma- 
terials showed that glass surfaces bear- 

ing finger smudges emitted ultraviolet 

light in the region between 3400 and 
3700 A when excited by light from a 

ruby laser with peak powers of the 
order of 100 watts. We considered the 

possibility that the emission might 
come from second-harmonic genera- 
tion by amino acids whose presence 
in finger smudges is well known (2). 
Crystals capable of generating second 
harmonics of the ruby laser light must 
have a unit cell with no center of 
inversion (3), and this requirement is 
met by crystals of isomerically pure 
D- or L-amino acids because these 
molecules themselves are dissymmetric. 
We found that L-tryptophan as well 
as many other optically active amino 
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D- or L-amino acids because these 
molecules themselves are dissymmetric. 
We found that L-tryptophan as well 
as many other optically active amino 
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acids are relatively efficient generators 
of optical second harmonics, the con- 
version efficiency being of the same 
order of magnitude as that of the best- 
known inorganic second-harmonic gen- 
erator, potassium dihydrogen phos- 
phate (KH2PO,). This behavior is al- 
most certainly characteristic of most 
crystals of optically active molecular 

compounds of which the amino acids 
and peptides form a large and bio- 
logically important subclass. 

It appears that the generation in the 
amino acids of ultraviolet-light quanta 
from red-light quanta may be of bio- 

logic interest. Although the conversion 
efficiency at light intensities ordinarily 
encountered in nature is extremely 
small, the phenomenon may provide 
a source of internally produced quanta 
of electromagnetic radiation of suffi- 
cient energy to damage nucleic acid 
chains; multiquantum processes such as 

optical harmonic generation or two- 

photon absorption may play some role 
in the generation of mutations by light 
of wavelengths which are normally 
considered biologically inactive on a 

one-photon basis. 
The experimental arrangement used 

for the comparative measurements is 
shown schematically in Fig. 1. The la- 
ser was a Raytheon LH 5 head modi- 
fied for use with an external reflecting 

prism and a chemical Q-switch con- 

sisting of Vd-phthalocyanine dissolved 
in nitrobenzene to give an optical den- 

sity of approximately 0.32 at 6943 A 
over a path length of 1 mm. The laser 

gave output pulses with a peak power 
of about 10 Mw and a halfwidth of 
30 to 40 nsec. A Corning 2-60 glass 
filter in front of the laser prevented 
the escape of pumping light. The laser 

power was monitored after attenuation 
in 1 cm of concentrated NiSO.t solu- 
tion by an RCA 925 phototube op- 
erating with an anode voltage of 225 
into a 50-ohm load. Laser output was 
focused by a lens with a focal length 
of 15 cm, and the samples were placed 
7 cm behind this lens. Thus, the laser 

light focused partially on the sample 
into an area of roughly 0.25 cm2. The 

light scattered from the sample normal 
to the direction of the laser beam was 

picked up at a distance of 25 cm, 
after it had passed through one 4-70 
and three 7-37 Corning glass filters, 
by an RCA 1P28 photomultiplier op- 
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erating from a 1000-volt supply and into 
a 50-ohm load; the filters ensured that 

only ultraviolet light of a narrow 

spectral region was picked up by the 

photomultiplier. Signals from the 

phototube and photomultiplier were 
displayed on the lower and upper beam 
of a Tektronix 555 dual-beam oscillo- 
scope in positive and negative polarity, 
respectively (Fig. 2); the delay be- 
tween the peaks reflected the electron 
transit time in the photomultiplier. 

To establish that the ultraviolet sig- 
nals were second harmonic and were 
not caused by some other luminescence 
of different origin, the exact wave- 
length and size of the bandwidth of 
the emitted light were determined spec- 
troscopically (4) for L-tryptophan and 
L-leucine by means of photographic 
detection and also, in the case of 

L-tryptophan, by photoelectric detec- 
tion at the output of a Beckman DU 

spectrophotometer converted for use as 
a monochromator. In both cases the 
linewidth was so narrow that its reso- 
lution was limited by the capability of 
the instrument. A very narrow line- 
width at twice the laser frequency is 
a definite indication of harmonic gen- 
eration. 

Each sample was in the form of a 

layer of powder, 0.1 mm thick, pressed 
between a microscope glass slide and 
a cover glass. The plane of the layer 
was placed at an angle of 45 deg to 
the incident laser beam. Sample geom- 

Table 1. Second-harmonic conversion efficien- 
cies relative to potassium dihydrogen phos- 
phate equaling 1.0. 

Compound D L DL 

Aminlo acids 
Alanine 0.40 0.20 0.40 
a-Amino 

nI-butyric acid .30 
Arginine 1.50 
Asparagine 

HC1 .02 
Aspartic acid .70 1.10 
Cysteine HC1 .04 
Cystine 0.02 
Ethionine .30 
Glutamic acid .70 .30 
Glycine .20 
Histidine HC1 .01 
Homocysteine 

thiolactone HC1 .20 
Isoleucine .80 
Leucine .90 .03 
Lysine HC1 .60 
Methionine .70 .60 .03 
Phenylalanine .15 .05 
Proline .20 
Serine .23 .22 .02 
Tryptophan .80 .05 
Threonine 1.25 1.15 
Tyrosine 0.003 0.01 .06 
Tyrosine HC1 0.02 
Valine 1.70 1.10 .01 

Sugars 
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Fig. 1. Experimental arrangement for comparative measurements 
harmonic generation (schematic). 

etry was such that the beam could be 
assumed to cause multiple scattering 
of any ultraviolet light generated in 
the sample, and uniform distribution 
of ultraviolet light emitted from the 
axis of the incident laser light. Re- 
producibility of the data and apparent 
independence of the results on minor 
changes in the geometry of the sam- 
ple and in the angle of detection 
seemed to justify this assumption. The 
samples used were L-, D-, and DL- 
amino acids (5), as well as KH2PO, 

(used as a reference standard) and 
some optically active sugars. 

Table 1 shows the relative conver- 
sion efficiencies at constant laser 
power, with KH2PO, taken to be unity. 
The values are only indications of or- 
ders of magnitude because the non- 
uniformity of such crystalline powder 
samples may produce inaccuracies 
ranging up to a factor of 2 in indi- 
vidual cases; this is indicated by the 
variation in value between some D- and 
L-isomers. 

Apart from alanine, no DL- racemic 
mixtures showed significant second- 
harmonic generation. Because the 
small signals observed fell into the 
range of other luminescence phenom- 
ena associated with the laser pulse, 
they were considered to be noise. Ex- 
cept for phenylalanine, which showed 
a marginal harmonic generation in its 
D-isomer, whenever the D-isomer was 
an efficient second-harmonic generator, 
then so was the L-isomer. Conversion 
efficiencies ranged from almost zero 
to higher than that of KH2PO, and 
did not seem to correlate with the 
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of optical second- 

electronic structure of the particular 
amino acid. For example, the only 
amino acids with ,r-electrons are tyro- 
sine, tryptophan, and phenylalanine; 
of these, tyrosine showed no second- 
harmonic generation, phenylalanine 
showed only marginal generation, and 
tryptophan was comparable with 
KH2PO,. The optically active sugars 
showed a second-harmonic generation 
efficiency an order of magnitude less 
than the more efficient of the amino 
acids. 

According to the theory of optical 
second-harmonic generation (3), the 
magnitude of the effect is determined 
by the size of the coefficient of the 

quadratic term in the formal expan- 
sion of the electric polarization, P, in 
terms of the electric field, E, produced 
by the light. This expansion may be 
written 

P = x' E + x" E E+ .. 

where X' and X" are the coefficients of 
the linear and square terms, respec- 
tively. For anisotropic materials, X' 
and X" are second- and third-order 
tensors, respectively. From symmetry 
consideration it follows that only struc- 
tures having no inversion symmetry 
can have a nonvanishing X" (3). This 
is a necessary but not a sufficient 
condition which is automatically satis- 
fied by all pure L- and pure D-isomers 
-all those that have been investigated 
by x-ray diffraction (6) crystallize 
with P 212,21 space-group symmetry. 
All but one of the DL- racemic mix- 
tures so far investigated by x-ray dif- 
fraction, however, crystallize in space 

Fig. 2. Typical signal; sweep, 40 nsec/cm. 
Upper trace, second-harmonic signal (neg- 
ative polarity). Lower trace, red-light 
monitor (positive polarity). 

groups with a center of inversion; by 
necessity their unit cells must contain 

equal numbers of L- and D- molecules 
in symmetrical arrangement; the ex- 

ception is DL-alanine which does not 
have a center of inversion (7), but 
which crystallizes in a form similar to 
the pure D- and the pure L- forms. This 

exceptional behavior of alanine is 
borne out by the large amount of 
second-harmonic generation in the DL- 

form, an amount approximately the 
same as that in D- and L- forms. 

The differences in conversion effi- 
ciencies between the D- and L- forms of 
certain amino acids is currently attrib- 
uted to the crudeness of the mea- 
surements. A real difference can- 
not be ruled out; accurate determina- 
tion of the coefficients of X" on single 
crystals should be attempted. 

KLAUS E. RIECKHOFF 

WARNER L. PETICOLAS 

IBM Research Laboratory, 
San Jose, California 95114 
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