Memo
To:                        George Malby, MBARI

CC:                       Jill D. Pasteris, Washington Uninversity

                              Brigitte Wopenka, Washington University

                              Peter Brewer, MBARI

From: 
John J. Freeman, Washington University

Date: 
May 23, 2001

Subject: 
Raman Spectra of SeaWater

George;


This memo covers a summary of our work  on the Raman spectra of both distilled water and “sea” water.  Since sea water will be the matrix which will surround every sample we will be probing at depth, I wanted to get good reference spectra of the sea water with our KOSI system,  and determine how the Raman spectrum is affected by both water temperature and salinity.  One of the goals of this particular study was to determine if there was at least one Raman band of sea water that could be considered “invariant” to these two variables. If so then such an invariant band could be used as an internal standard for referencing changes in salinity and  temperature.

BACKGROUND:


The Raman spectrum of liquid water has been studied extensively in the past, with the most prolific and careful investigator being George E. Walrafen of Bell Telephone Laboratories and later at Howard University. His publications on the subject date back to at least 1963. A copy of an early, but definitive paper assigning the Raman bands of liquid water  is enclosed . 


Theoretically, the isolated water molecule has three vibrational modes, three rotational modes, and three translation modes. In the liquid/solid state, the rotational modes become restricted to rocking instead of rotation,  and they take the name “librational modes”. The  translational modes become phonon modes (in solids at least).


For the  water molecule,  the three main modes are designated:



1  the symmetric (OH) stretch near 3450 cm-1
2 the water bending (deformation) mode near 1640 cm-1

3 the water antisymmetric (OH) stretch near 3615 cm-1

Walrafen, in his 1964 study (copy of article is attached) , proposed a structure for water in the liquid state that adequately explains the Raman spectrum of water. It involves a central water molecule surrounded by four hydrogen-bonded water molecules.  He then assigned the four additional  fundamental modes associated with  this 5 molecule cluster of liquid water as follows:


h1 = OHO bond stretching mode at ~ 60 cm-1

h2 = OHO bond bending mode at ~175 cm-1

1 = librational frequency at ~450 cm-1
and
2 = 2nd librational frequency of water at ~760 cm-1
I have labeled these fundamental  Raman bands in a  Raman spectrum of water taken on our system (see Fig. 1).

GENERAL EXPERIMENTAL CONDITIONS.


In these Raman studies, the water samples were contained in 50 ml disposable centrifuge tubes made from polypropylene. These tubes containing the sample were then, in the case of temperature studies, partially immersed in the reservoir of a Neslab RTE 110 cooling bath. The temperature of this bath could be controlled between 0 C and 100 C to within ±1 C. The temperature of the actual liquid sample in the sample container was also monitored with a standard glass/ mercury thermometer (0 to 110 C, ± 0.1 C). The Raman spectra of the water samples were obtained using a Kaiser f/1.5,  high-pressure, immersion probe fitted with a sapphire window. The probe was lowered into the liquid sample to a depth of a few cm., and clamped in place using standard lab clamps.   The samples was radiated with ~50 mW of 532 nm laser light, and Raman data were taken using 2 or 4 sec. integration time and 16 accumulated exposures/spectrum.  In some cases weak Raman lines from the polypropylene walls of the sample tubes could be detected. These are marked in the spectra when they occur.
SALT CONCENTRATION EFFECT ON RAMAN SPECTRUM OF WATER. 


Both the effect of salt concentration (for specific salts) and temperature on the Raman spectrum of water have been extensively addressed in the past literature.  We repeat the studies here concentrating on the measurable effects for salt and temperature variations more representative of sea water. 


For this experiment we made up sea water from an “Instant Ocean”
 salt mix at an initial concentration of 35 g/kg soln. From this, serial 50% by weight dilutions were made down to the lowest concentration of 0.55 g salt/kg sea water. The greatest effect of salt on the Raman spectrum of water occurred in the 3000 - 3500 cm-1  region. There was of course a simultaneous loss of intensity of the 981 cm-1 sulfate band with dilution. The effect of salt concentration on the OH stretching region of water is shown in Figures 2 and 3.  The intensity of the 1 symmetric stretch at ~3450 cm-1 increases with salt concentration while the 2 2 band at ~3250 cm-1 decreases with increasing salt concentration. An isosbestic point occurs at 3330 cm-1 which shows no change in intensity with change of salt concentration (see Fig. 3) . The  intensity of the 1640 cm-1 2 band  decreases slightly with increasing salt concentration, however this trend is generally buried within the noise of the recorded spectrum (Fig. 4) . 


The height of the  981 cm-1 sulfate band due to the SO4-2 in sea salt is directly proportional to the sea salt content (Fig. 5) . The lower limit of detection is about 1 g sea salt/kg sea water. At the nominal level of 35 g sea salt/kg sea water, the data show a standard error of  about ±1%  (0.35 g /kg) of sea salt. Plots of both peak area (A) and peak intensity (I) of the 981 cm-1  sulfate band versus salt concentration are shown in Fig. 6. Two plots are shown in this figure. One plot is for the data taken from the raw spectra. In the second plot in Fig. 6, the individual sample Raman spectra were first scaled to yield an isosbestic point intensity value of 30,000. The 981 cm-1 peak area and peak intensity were then read off these rescaled Raman spectra. There is very little difference between the unscaled data and the scaled data


In summary, the Raman features of sea  water at a fixed temperature that don't change with sea salt concentration are: (a)  the isosbestic point in the OH stretching region at 3330 cm-1 and (b) the intensity of the 1640 cm-1 2 band. 
TEMPERATURE EFFECT ON RAMAN OF WATER


A study of the Raman spectrum of sea water (nominal concentration 35 g salt/kg sea water) was made with the water temperatures ranging between 3 and 25 C. The major temperature effect  on the Raman spectrum of sea water occurs in the 3000 to 3700 cm-1 region of the Raman spectrum (Figure 7). Increasing the  water temperature definitely raised the intensity of the 3220 cm-1 shoulder while slightly decreasing the 3450 cm-1 peak and and the 3620 cm-1  shoulder.   An isosbestic point at ~3400 cm-1 can be found in this complex of bands where the intensity of the sea water doesn't change with temperature.  Figures 8 and 9 show the effect of temperature on the 1640 cm-1  water and 981 cm-1 sulfate  bands, respectively, of sea water. With appropriate base line leveling to compensate for small offsets in the recorded spectra,  the intensity of these two bands show very little measurable  trend with water temperature between 3 and 25  C 
SUMMARY OF RESULTS

Salinity changes between 0 and 35 g salt/kg sea water and water temperature variations between 3 and 25 C  both affect the recorded intensity of the Raman spectrum of sea water. There are a few points in the Raman spectrum of sea water where the intensity doesn't measurably change with these two variables:


An isosbestic point at 3330 cm-1 for salt concentration changes,


An isosbestic point at ~3400 cm-1 for temperature changes,

The intensity of the 1640 cm-1 water bending mode for either salt concentration or temperature changes, 

And
The intensity of the 981 cm-1 sulfate band over the 3 to 25 C.


The concentration of the salt in the sea water as referenced by the intensity of the 981 cm-1 Raman band of aqueous sulfate, is easily determined by measuring either the Raman intensity or area of the 981 

cm-1 sulfate band. The concentration  predictions based on this Raman measurements  should be good to within ± 1% sea salt at the 35 g/kg level with a detection limit  of ~ 2 g/kg. The data are certainly good between 2 and 35 g/kg seawater, and the calibration curve could be easily extended to higher salt (i.e. sulfate) levels as needed. 

Nine figures and one reprint attached. 

�“Instant Ocean Synthetic Sea Salt”, Aquarium systems, Inc., Mentor, OH, HTTP://www.aquariumsystems.com.





