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There has been recent interest in the motivational value 
of lasers in the undergraduate curriculum (1,2). In a pro- 
ject to modernize our physical chemistry laboratory, we 
were especially interested in constructing a laser Raman 
experiment due to its unique approach to vibrational spec- HNE , 
troscopy and its wider application in chemistry. We wanted LASER I 

to establish a n  experiment that would be hands-on and I 
I 

modular, allowing the students to see the function of the 
components also wanted rather the individual than treating modules them to a s  be black useful boxes. for other We Id MoNoCHRoM~ToRm G ~ A S  PMT 

experiments. SAMPLE 

An inexpensive and modular Raman system for the CUVETTE 

physical chemistry and analytical labs has recently been 
reported in this Journal (3). This svstem consisted of a 

nitrogen laser operating a t  337.1 nm and a n  inex- 
pensive photomultiplier tube (PMT). Use an inexpensive Figure 1. Schematic of the modular Raman and laser fluorescence 
PMT was possible because R~~~~ is more effi- system. All of the components are exposed for the students to the 
ciently produced in the near-UV than in longer wave. greatest extent to show their function. A black shroud is placed 

around the sample and the monochromator slit to exclude room light. leneths. A svstem usine the more affordable He-Ne laser ----  m ~ - - ~ ~  - -  ~" ~~~~~~ ~ ~- -~ ~ 

operating a t  632.8 nm to produce Raman scattering has 
also been reported (4). Because Raman scattering is inefil- 
cient a t  this wavelength, a more expensive detector with 
high red response is required. The method of detection re- 
ported for use with the He-Ne laser in that work was a 
charge-coupled device (CCD) (4). The expense of the CCD, 
however, is a major disadvantage for the teaching lab. 

We report the construction of a Raman spectroscopy sys- 
tem using a He-Ne laser and a red-sensitive PMT. We suc- 
ceeded not only in keeping the cost under $20,000 but also 
in assembling a system that  has uses in  several other 
emission spectroscopy experiments. 

Experimental Design 

Our modular Raman and emission spectroscopy system 
is shown schematically in Figure 1. The laser beam is di- 
rected downward through the sample cuvette set close to 
the entrance slit of the monochromator. The primary laser 
is a Melles Griot 10-mW, linearly polarized He-Ne laser 
obtained for about $1,400. The other laser used in  the 
study of the fluorescence in strong chromophores is a 0.5- 
mW laser purchased for less than $250 (Edmund). The cu- 
vette is quartz, but a glass cuvette clear on all sides and 
the bottom is suitable a t  these wavelengths. The mono- 
chromator is a SPEX 1680B double 0.22-m monochromator 
having two 1,200-linelmm holographic gratings, adjust- 
able slits, and a CD2Acompudrive control unit. The cost of 
the complete spectrometer was about $11,000. A single- 
pass monochromator could be used if other measures are 
taken to reject random scattered light. 

The key component of the system, which allows the use 
of the inexpensive laser, is the relatively expensive Hama- 
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matsu R943-02 photomultiplier that has a GaAs photo- 
cathode and costs about $2,000 (comparable to the RCA 
C-31034 tube). The manufacturer's radiant cathode sensi- 
tivity curve (mAiW) for the tube is relatively flat from 300 
to 850 nm where it begins to fall rapidly. This makes the 
system quite useful from 220 nm to beyond 850 nm. Addi- 
tionally, we use a commercial, thermoelectrically cooled 
housing (about $2,000) for the PMT. The effects are shown 
below. The PMT is  powered by a high voltage supply 
(Thorn EMI, $1,000) a t  1,500 V. The analog photocurrent 
is sensed directly by a picoammeter (Keithley 485, $1,000), 
and the spectra is recorded on a chart recorder ($1,000). 
~bsorpt ion spectra were recorded on a Milton-Roy Spec- 
tronic 1201. 

Apart from its relative low cost, the modular system has 
several other advantages. The laser has a 500 to 1 degree 
of polarization that allows ready examination of the polari- 
zation effects of the Raman bands. The continuous-wave 
laser also allows straightforward recording of spectra in 
real time. The extremely high sensitivity in the red of the 
GaAs PMT provides the advantage of a higher wavenum- 
her resolution a t  long wavelengths. For example, a I-nm 
resolution a t  650 nm corresponds to 24 cm-' resolution, 
whereas a 1-nm resolution a t  350 nm corresponds to a 81 
em-' resolution. This means one can work a t  wider slits in  
the red to obtain the same resolution obtained when nar- 
row slits are used in  the blue. 

Our modular system is also versatile. Below we show 
how fluorescence from green and blue dyes can be detected 
upon absorption a t  632.8 nm. Additionally in another ex- 
periment, we use the monochromator, set a t  wide slits, to 
pick out the fluorescence when recording the excitation 
spectrum of I1 with our tunable dye laser. This demon- 
strates the unique way absorption spectra can he recorded 
by fluorescence-excitation spectroscopy (5).  There are sev- 
eral other emission spectrophotometry experiments de- 
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grating efficiency as a function of polarization. 

We obtained Raman spectra of a number of 
other common organic substances. The xyle- 
nes made an interesting study Moreover, 
when we compared the Raman spectrum of 
clear fingernail polish with the Raman spec- 
trum of pure toluene, we were able to identify 
the presence of toluene in nail polish. Organic 
substances, such as oils, sugar syrups, and 
clear polymers gave less enlightening results. 
These and other large organic molecules have 
Raman spectra dominated by the C-H stretch, 
which are similar for most molecules but oth- 
erwise have weak minor features (11). 

Of course, using a He-Ne laser will lead to a 
relatively insensitive Raman system. We were 
unable to obtain s~ect ra  of ions in solution in 
our best attempts and think studying gases 

Figure 2. Stokes Raman spectra of pure carbon tetrachloride. Spectrum obtained using would also be impossible. Asignificant limits- 
(a) a room temperature PMT; (b) upon sampling the light scattered perpendicular to the tion when looking for weak features is the 
plane of polarization of the laser; (c) when the laser was rotated 90' from that of spec- presence of atomic helium and neon lines from 
trum b. The PMT was cooled to -25 OC for spectra b and c. Swctra are uncorrected for the laser lamp, 

scribed in common sources for which this setup can be 
used: these include studvine the electronic band soectrum 
of N ~ '  (67) and the mea&rement of the Rydberg ionstant 
in the emission spectrum of the hydrogen atom (6,8). 

The Rarnan Spectra 
Examples of the Stokes Raman spectra of CC14 obtained 

with this svstem are shown in Fieure 2. The sienificant 
gain in si&-to-noise ratio provi&d by cooling ;he PMT 
to -25 'C is illustrated in Fieure 2a and b. This shows that 
useful results can be obtained with a room temperature 
PMT. The anti-Stokes bands can also readily be scanned 
and their intensities analyzed according to Boltzmann fac- 
tors with satisfying results (6). 

The polarization effects can clearly be seen by comparing 
Fieures 2b and 2c. The chance in intensitv in the totallv 
symmetric stretch band at  agout 460 cm-'"is stark. The& 
spectra were obtained by rotating the laser 90°; neither a 
polarizing filter nor a polarization scrambler was used. 
This is not the typical way polarization effects are demon- 
strated (6 ,9) ,  but it is quite simple and efficient. 

The intensities of the bands obtained bv this a ~ ~ r o a c h  in 
Figures 2b and 2c can be compared withothe pre'dictions of 
theory. Classical theory (10) predicts that the scattered in- 
tensity observed in the plane parallel to the direction of the 
electric vector of the laser is 

where pis the anisotropic part of the polarizability tensor. 
The scattered intensity observed in the plane perpen- 

dicular to the electric vector is 

where a is the isotropic or spherical part of the polarizability 
For Raman transitions in a totally symmetric vibra- 

tional mode--one where the polarizability of the molecule 
is preserved in vibration-P is zero, causing the transition 
to be most intense in the direction perpendicular to the la- 
ser electric vector. Nontotally sym&e&c modes cause an 
isotropic polarization of the normally spherical molecule, 
thus giving Raman scattering intensity in all directions. 
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Figure 3. Absorption and fluorescence spectra of the dicarbocyanine 
dye at about lo6 M in methanol. Spectra are uncorrected for spec- 
trometer efficiency. A narrow but deep notch in the efficiency curve of 
the grating centered at 690 nm is quite severe and should not be 
neglected in this kind of work. 
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Figure 4. Absorption and laser fluorescence spectra of chlorophyll a 
extracted from seaweed. Excitation is provided by the 0.5-mW He- 
Ne laser. The absolute extinction coefficient of pure chlorophyll a is 9 
x lo4  cm-' M" at 661 nm. The absorbance of our sample at 661 nm 
is 0.14 Ain the I-cm cell. 



The Fluorescence Spectra 
Generally, fluorescence is a nuisance when attempting to 

study the Raman spectra of chromophoric molecules; fluo- 
rescence can still be a problem when using He-Ne laser 
excitation. The ability to excite fluorescence with this low 
energy source, however, has its own utility. In Figure 3 we 
show a fluorescence spectrum of a blue conjugated dye 
molecule (1,l'-diethyl-2,Y-dicarbocyanine iodide; Ko- 
dak). The spectra illustrate the approximate mirror imaae 
appearance of the absorption and emission spectra witKa 
slight shift to the red of the fluorescence maximum with 
respect to the absorption maximum. 

Figure 4 shows the absorption and fluorescence spectra 
of chlorovhvll obtained bv a simole extraction from sea- . "  
weed by acetone. Cornpar~son of the ahsorptim spccira to 
vuhlishcd spectra indicate rhat the dorninan~ form IS rhlo- 
mphyll a (12). We used the 0.5-mW He-Ne laser to excite 
into the shoulder a t  632.8 nm. Examinina the fluorescence 
spectra shows that the primary absorption feature a t  661 
nm is reproduced in emission. This overlap of the absorp- 
tion and fluorescence spectra is not unusual for a large por- 
phyryn. As fluorescence is an inherently more sensitive de- 
tection method, trace amounts of dye; could be detected 
analytically even using a He-Ne laser. Moreover, students 
could use fluorescence as  a detection method following 
chromatographic separation of chlorophyll forms in a plant 
material that contains several different forms (13). 

Conclusions 
We have shown that the availability of ultra-red-sensi- 

tive photomultipliers makes possible the use of He-Ne la- 
sers to induce the Raman effect and fluorescence in inter- 
estine molecules for undereraduate studv. - - 

Our approach in designing a quantum chemistry unit for 
the physical chemistry lab has been to provide students 

with several different looks at  the arrangement of energy 
levels and the distributions of atoms and molecules amone 
thcm The experiment described here (Raman spectrum (rf  
CCI,, with emission spectrum of rhe hrdrorcen atom. ah. . - 
sorption, and laser-excited fluorescence spectra of I>; ab- 
sorption spectrum of conjugated dyes, and infrared spectra 
of HC1 and of SO2 (6)  give a degree of repetition to the stu- 
dent's exposure to quantization. Ultimately, our goal is to 
give students a feeling for how micros cop^^ of 
atoms and molecules contribute to macroscopic observ- 
ab le~ ,  such as heat capacities and chemical reaetivity. 
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