Memo

From: John J. Freeman

To:
Jill D. Pasteris


Brigitte Wopenka

Subject: Summary of Raman Results from MBARI research dives, 2498, 2499, and 2500, Wed. – Fri, 17-19 March, 2004.


See attached notebook containing loose leave Grams32 printouts of Raman spectra acquired during these research dives.  Notes taken during these dives are in NBP F004003-6. 

Dive #2498, 17 March 2004.  To Clam Flats, depth about 1000M, and looking for beggiotoa mats about a seep vent.  Found clams but not beggiotoa.  Seems that the beggiotoa mats  are 1 mi. from here. Did Raman anyway.

Raman spectra by file numbers.

03170001
Raman of MBARI plastic cube on deck, 30 to 32 mW power.  This  cube is an acrylate ester polymer (most likely polymethyl-methacrylate due to 1721 carbonyl band which indicates branching of the aliphatic chain. [See “Characteristic Raman Frequencies of Organic Compounds”, F. Dollish, W. Fateley, and R. Bentley, Table 8.3, Wiley Interscience, New York(1974)].  Strong, sharp polymer lines at 813.26 and 2592.8 Δcm-1 are consistent with this polymer and are sharp enough to use for calibration. Diamond line seems to be at 1333.00 Δcm-1 which would indicate a shift of the laser 0 Δcm-1 frequency up by 1.5 cm-1. This spectrum matches the Raman spectrum of an acrylate box lid that I reported earlier [Raman spectrum F1870003, 06/27/2002]

0317002.   Sea water at 999M with Ventana HID light on.  Mercury line at 479.85, 1459.5 and 1522.1 Δcm-1  (corresponding to Hg emission lines at 546.0753, 576.9598 and 579.06663 nm respectively).  Diamond line at 1332.6 Δcm-1,  and sea water sulfate band is at 982.9 Δcm-1 (981.5 Δcm-1 standard). Other sharp lines due to gas emission from HID lamp, and offer the possibility of a nice calibration spectrum for use in the deep sea.

0317004. Above clam at 999 M, incandescent (filament) light on.

0317005.  Same as 04 but with lamp off.  Diamond at 1333.4 Δcm-1  (vs 1331.5 Δcm-1 std) and sea sulfate at 982.8 Δcm-1  vs.  981.4 Δcm-1  std. Very slight, broad background due to incandescent lamp. 

03170006.  On clam.  Strong fluorescence band at 4150.8 Δcm-1  and Raman bands at 1006.9, 1158, 1193 and 1523.1 Δcm-1 are the 532 nm resonance enhanced Raman lines of a carotenoid with a carbon number of approximately 40. [“Biochemical Applications of Raman and Resonance Raman Spectroscopies”, P. R. Carey, Ed., pg. 128, Academic Press, New York(1982)] No Raman evidence for any carbonate (1086 Δcm-1 calcite or aragonite line).

03170007 & 08. same as 03170006, but carotenoid Raman lines much  weaker and still no carbonate lines.

03170009 and -10.  The white crystalline “marble” standard at 999M.  Raman lines at 1098.5 Δcm-1 and 1450.3 Δcm-1   indicate dolomite [CaMg(CO3)2]. Weak lines at 2871.7 Δcm-1 and 2915.5 Δcm-1 indicate an aliphatic organic impurity.  Sea water bands at 3259 and 3385 Δcm-1  .  The sharp line at 4203 Δcm-1 seems to come from an impurity in the dolomite – maybe an emission line from some metal impurity. 

03170011.  The MBARI acrylate cube at 999M.  Note the positions of the polymer lines at 813.19 and 2952.8 Δcm-1  and the diamond line at 1332.4 Δcm-1 which compares extremely well with the MBARI cube on deck [ 813.25, 2952.8, and 1332.6 Δcm-1 respectively.

Dive 2499, 18 March 2004.  To beggiotoa mats by seep vent at depth near 950M.

03180001.  Sea water spectrum at 800 M with HID lamps on while descending.  Sea water sulfate at 983.53 Δcm-1 (vs. 981.5 Δcm-1 std) and diamond at 1333.8 Δcm-1 (vs 1331.5 Δcm-1 std.). Laser 0  Δcm-1 seems to be shifted about 2.3 Δcm-1 high today .

03180002.  On (in?) beggiotoa mat with HID lamp on.  Note absence of sea water spectrum indicating no significant path of sea water between probe lens and beggiotoa. Only HID emission lines and diamond line visible.  No evidence for any sulfur Raman lines at 473 to 474 Δcm-1.  The sharp line at 480.07 Δcm-1 comes from the HID lamp and not the Raman line of elemental sulfur.

03180003.  Sea water only with both Ventana HID lamp on as well as the two HeNe focusing lasers.  The HeNe laser lines appear as a strong triplet at 3019, 3030, and 3045 Δcm-1 corresponding to set of 633.9 nm emission lines of the multimode HeNe laser. 

03180004. The acrylate cube again at 956 M.  Compare 814.24, 2953.0  Δcm-1 acrylate and 1333.4 Δcm-1 diamond here with lines in spectrum 03170001 [813.26, 2952.8, and 1333.0  Δcm-1]

0318005.  On Missouri pink granite sample.  First spectrum. Impurity at 4167 Δcm-1, seawater at 3424 Δcm-1 , diamond at 1333.5 Δcm-1 , broad indistinct bands with maximum near 461.1 Δcm-1 reminiscent  of  fused silicate impurity of some sort.

03180006.  A mix of the Raman lines of diamond, sea water sulfate, and alpha quartz (466 Δcm-1 ).  The quartz band is about two wave numbers too high, but this is consistent with the offset of the diamond standard.

03180007.  Raman lines of alpha quartz (466 Δcm-1) and a potassium feldspar (474 and 513 Δcm-1).  There is not enough detail in the feldspar spectrum to distinguish which it is – maximum microcline, orthoclase or sanidine.

03180008 thru 03180018.  A series of spectra from a linear transect across the granite sample.  20 cm. path in 2 mm steps.


0 mm (-08). Quartz 


2 mm (-09). Quartz

4 mm (-10). Quartz


6 mm (-11). Feldspar peak at 509 Δcm-1 which is OK for a plagioclase (Na,Ca feldspar)


8 mm (-12). Quartz


10 mm (-13). Quartz


12 mm (-14). Feldspar peak at 514 Δcm-1 consistent with K feldspar.


14 mm (-15) Quartz


16 mm (-16)  Quartz


18 mm (-17)  Quartz


20 mm (-18) Na Feldspar. (507 Δcm-1 albite).

03180019 and 03180020. Both Na feldspar (507 Δcm-1 albite).

Rescan the transect above in 0.2 mm steps between 2.0 mm and 4.0 mm.

 
2.0 mm (-21), quartz


2.2 mm (-22), quartz


2.4 mm (-23), quartz


2.6 mm (-24), quartz


2.8 mm (-25),  quartz + albite (507 Δcm-1)


3.0 mm (-26),  albite ? (508.2 Δcm-1)


3.2 mm (-27),  plagioclase? (510.6 Δcm-1)


3.4 mm (-28), quartz


3.6 mm (-29), quartz


3.8 mm (-30), quartz


4.0 mm (-31), quartz


The identification as the exact nature of the feldspar in the above spectra is tentative as best, as the spectra are too weak and/or noisy to provide and accurate measure of the peak positions needed to distinguish among the feldspars.

End of dive.

Dive 2500 19 March 2004.  Test of Tsouris’ H2O/CO2 injection system at ocean depths.

03190001.  MBARI cube on deck.  Acrylate lines at 814.47 and 2954 Δcm-1  and diamond at 1333.9 Δcm-1  indicating that the laser 0 position is about 2.5 Δcm-1  high on this dive.

03190002. HID lights and sea water at 200M. 

03190003 – 10.  CO2/H2O paste at 1027 M.  The uncorrected Fermi diad for CO2 is almost always at 1281.8 and 1387.1 Δcm-1. In the case of spectra with more intense CO2 lines, additional CO2 satellite bands can be observed atr  1262.6, 1369.9 and  1408.3  Δcm-1.  A similar set of 5 CO2 lines can be observed in the Raman spectra of CO2 in the solid, liquid and gas phases. These same lines are observed for the CO2/H2O paste at 900M and 600M but with differing intensities depending upon focus of the PUP.


In the following table, I have summarized the positions the Raman bands for CO2 in various phases.  These line positions have been corrected for any wavelength 0 shifts indicated by the standard used (if any) that was recorded when the spectra were acquired.  These spectra include data from MBARI dives, our lab, and the literature.

  Table 1. Resume of the Raman Lines of CO2 in different phases.
	Comparison of Raman Bands of CO2 at different T,P,phase conditions.
	 
	Corrected for laser 0 Δcm-1 shift whenever possible. Raman shifts in probable  error are shown in RED

	 
	 
	 
	 
	 
	CO2 Raman shifts, Δcm-1

	 
	 
	 
	 
	measured 
	Lower
	Upper
	Split: upper -

lower
	Others

	Phase
	Temp
	Pressure
	Reference
	Cal. Line
	 
	 
	
	 
	 

	gas
	RT
	amb. 
	Herzberg, "Elec. Spec. of Polyatomic Molecules" p598
	 
	1285.4
	1388.17
	102.77
	----
	----

	Gas
	RT
	 25 bar
	Seitz, J.D. Pasteris, and I-M. Chou, Amer. J. Science, 296, 577-600 (1996).
	Gas discharge
	1285.2
	1387.7
	102.5
	
	

	gas
	70.2 F
	in seltzer bottle
	000002 F003019 09022003
	O2=1555.6
	1286.4
	1389
	102.6
	1266.1
	1410.2

	Gas
	70.2F
	In seltzer bottle
	Deconvolved 000002 F003019 090222003
	O2=1555.6
	1285.42  1286.70
	1387.23  1389.39 
	101.81  102.69 
	
	

	gas
	room T
	in seltzer bottle
	F181003
	Si=520.7
	1285.6
	1388.6
	103
	1265.7
	1409.9

	gas
	-40C
	1 Atm
	000011 F002208_ 031730003
	Si=520.5
	1285.6
	1388.2
	102.6
	1266.1
	1408.9

	Gas
	-40C
	1 Atm
	000011 F002208_ 031730003 Deconvolved
	Si = 520.5
	1282.54    1285.441 
	1385.34    1388.07
	102.8        102.65
	1265.18
	1408.71

	gas(sat. with water vapor
	70.2 F
	1 atm
	000003 F003019 09022003 
	O2=1555.5
	1286.4
	1388.9
	102.5
	1266.1
	1410.4

	gas(sat. with water vapor
	70.2 F
	1 atm
	000004 F003019 09022003
	O2, 1555.6
	1286.3
	1389
	102.7
	1266
	1410.2

	CO2 liq.
	?
	100 MPa
	Nakano, J.Ch.E.19998
	?
	1280
	1386
	106
	 
	 

	CO2 liq.
	?
	40 atm (400 M, Tiburon)
	ROV Tiburon
	Cal ????
	1285.4
	1390.9
	105.5
	 
	 

	CO2 liq. 
	?
	600 M on the Tiburon
	04200Desc600M Col21
	Cal???
	1285.5
	1391.2
	105.7
	1263.6
	1414.1

	CO2  liq. 
	?
	600 M on the Tiburon
	04200Desc600M Col21 Deconvolved
	Cal ????
	1285.51
	1391.02
	105.51
	1262.1
	1406.9

	CO2 liq.
	3C
	3600M
	D421CO2LIQUIDONES, liquid CO2, 3C, 360 atm.
	SO4==983.7       Std = 981.4*
	1279.3
	1384.5
	105.2
	 
	 

	CO2 in H2O soln
	?
	100 MPa
	Nakano, J.Ch.E.1998
	?
	1274
	1382
	108
	 
	 

	CO2 in H2O
	room T
	Seltzer bottle
	F181002
	Si=520.7
	1275.1
	1382.5
	107.4
	 
	 

	CO2 in H2O soln (no Clatharate)
	?
	?
	Uchida, E. Convers. Mngmt 38(1997)
	?
	1274
	1383
	109
	 
	 

	CO2 in H2O soln (with Clatharate)
	?
	?
	Uchida, E. Convers. Mngmt 38(1997)
	?
	1275
	1381
	106
	 
	 

	CO2 clath.
	255-273
	2 Mpa
	Komai, J Phy-Con.Matter 2002
	 
	1276
	1381
	105
	 
	 

	CO2 clath.
	281.8K
	4.03 Mpa
	Ikeda, J.Chem.Phys. 108(1998)
	 
	1278
	1384
	106
	 
	 

	CO2 Clath.
	?
	100 MPa
	Nakano, J.Ch.E.1998
	?
	1276
	1381
	105
	 
	 

	CO2 Clath.
	?
	?
	Uchida, E. Convers. Mngmt 38(1997)
	?
	1277
	1380
	103
	 
	 

	Solid CO2
	25C
	P=kbar
	Hanson & Jones, J.Chem.Phys. 75 (1981)
	?
	1276.4 -0.093P 
	1382.4 + 0.25P - 0.0006P2
	~106 + 0.343P - 0.0006P2 
	 
	 

	Solid CO2
	25C
	0.1 kbar
	Hanson & Jones, J.Chem.Phys. 75 (1981)
	?
	1276.4
	1382.4
	106.0
	 
	 

	Solid CO2
	-40C
	1 atm
	000012 F002208_ 031730003
	Si=520.5
	1276.6
	1383.5
	106.9
	 
	 

	Solid CO2
	-40C
	1at,
	000012 F002208_ 031730003 DECONVOLVED
	Si=520.5
	1274.65    1276.98
	1382.02    1384.08
	107.37      107.1
	1265.77
	1407.46

	CO2 Paste
	4C
	1027M
	3190005
	dia=1333.7        std=1331.5
	1279.6
	1384.9
	105.3
	1260.4
	1406.1

	CO2 Paste
	4C
	1027M
	3190005 DECONVOLVED
	DIA = 1333. 7
	1278.47     1280.30
	1383.66     1385.56
	105.36      105.26
	1260.54
	1405.61

	CO2 Paste
	4C
	900M
	3190011
	Dia = 1333.8
	1278.6
	1383.5
	104.9
	1259.9
	1406.8

	CO2 Paste
	4C
	900M
	3190011 DECONVOLVED
	DIA=1333.98
	1278.66   1280.74
	1384.14     1386.68
	105.48       105.94
	1259.92
	1406.07

	
	
	
	
	
	
	
	
	
	 


Two entries in the above table need added clarification.  The entries for the three Tiburon dives looking at liquid CO2 are shaded in red indicating an uncorrectable, laser 0  Δcm-1 shift.  The Raman shifts of the diad look like they are about 4 cm-1 too high, but a laser 0 Δcm-1 position calibration is not available to correct this data.  The diad split for these data can be considered good.  On the CO2 data we have taken either in our lab here at Wash. U. or  with the DORISS system on the Ventana WHERE SLITS WERE INSTALLED IN THE INSTRUMENT, the resolution of the system was sufficient to attempt a deconvolution of the two strong Fermi resonance diad bands.  This was done for a gas (-40 ºC) , solid (-40 C) , Tsouris  CO2 paste spectrum, and liquid CO2(Tiburon, 600M).  The liquid CO2 data from the Tiburon dive at 600M showed no extra bands when the data was deconvoluted (due to lack of slits and thus instrument resolution).  The data for the gas at -40 ºC, solid at -40 ºC and Tsouris’ CO2/H2O paste all showed that each of the two, strong Fermi resonance diads of CO2 Raman spectrum could be considered the sum of two, closely spaced, symmetrical Raman lines. (See accompanying 5 figures in the data sheets).  .  Their exact positions as determined by deconvolution are entered in the table above.  The relative peak heights of the deconvoluted pairs are shown in the figures. 



A summary of the average (with standard deviation) peak positions of the Raman bands of CO2 in the various environments is shown in Table 2.   Peak positions of deconvoluted spectra WERE NOT included in this table.

Table 2. Average Positions for the Raman Bands of CO2 in various environments.

	Average Results for CO2 line Raman line positions.
	 

 Raman Shift, Δcm-1
 
	File: CO2IRBANDSaverages

	 
	Average
	Standard Deviation

	Phase
	Lower
	upper
	split
	Lower
	upper
	split

	 
	 
	 
	 
	 
	 
	 

	Gas
	1285.95
	1388.65
	102.70
	0.46
	0.39
	0.18

	 
	 
	 
	 
	 
	 
	 

	Liquid
	1279.65
	1385.25
	105.58
	0.49
	1.06
	0.29

	 
	 
	 
	 
	 
	 
	 

	Solid (1atm, -40C)
	1276.50
	1382.96
	106.47
	0.15
	0.76
	0.61

	 
	 
	 
	 
	 
	 
	 

	CO2 in aq. solution
	1274.53
	1382.13
	107.60
	0.61
	0.85
	1.25

	 
	 
	 
	 
	 
	 
	 

	CO2 Clathrate
	1276.75
	1381.50
	104.75
	0.96
	1.73
	1.26

	 
	 
	 
	 
	 
	 
	 

	CO2 paste (Tsouris)
	1279.10
	1384.20
	105.10
	0.71
	0.99
	0.28


DISCUSSION OF CO2 DATA.


The fact that all the data on the CO2/H2O paste show the same band positions of 1279 and 1384 Δcm-1 with a 105 cm-1 split would indicate that the major scattering species here is liquid CO2.  This result does not invalidate the presence of CO2 clathrate, only that the Raman scattering of the clathrate (if it exists) is overwhelmed by the much stronger Raman scattering of the liquid phase and thus not detectable in the spectra recorded on this day (19 March 2004).  Perhaps one could conjecture that the paste is really a mix of small spheres of liquid CO2 with each sphere being stabilized by a thin surface film of CO2 clathrate such that the bulk, volume % of the clathrate phase is too low to detect by Raman spectroscopy.  The evidence for the observed CO2 bands in the Tsouris paste as being liquid and not clathrate CO2   is further supported by the fact that in spectra showing very strong CO2 lines (03190005) , the accompanying Raman bands of water in the 3400 Δcm-1 region are for liquid water and NOT crystalline water as would be found in either a clathrate ice or frozen water itself. [See T. Komai, et al., J. Phys. Condens. Matter 14(2003) 11395-11400 for nice Raman spectra of the water bands in the clathrate phase.]


The additional fact that the Raman bands of the Fermi diad can in general be deconvoluted into two symmetric bands (Gaussian/Lorenztian mix) is itself interesting.  This could mean that the Raman lines are inherently asymmetric, and the deconvolution is just imposing symmetry onto the Raman line when it isn’t warranted.  On the other hand, if the deconvolution into two peaks is going to be used as a rationale for the presence of two very similar CO2 species, then the rationale had better account for the fact that this splitting is observed in the gas, solid and liquid phase of CO2! Invoking a 12C/13C isotope mix will not do here as the band ratios are too large for the general 0.05% natural abundance of  the 13C isotope.   This issue, however, does not have all that much bearing in the present case where we are trying to define the phase of the CO2 in the CO2/H2O paste prepared in the Tsouris apparatus. 
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