Effect of Temperature on the Diffusivity of Fatty Acids for Potential Age Dating of Fingerprints using Time-of-Flight Secondary Ion Mass Spectrometry 
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Abstract
In the previous work, palmitic acid in sebum was used as a chronological marker for age dating of fingerprints, using time-of-flight secondary ion mass spectrometry (ToF-SIMS) to visualize its spreading on the surface. Its diffusivity assuming an infinite-source model was determined to be (4.5 ± 0.3) × 10-4 mm2/h on a clean silicon wafer held at room temperature. In this work, the feasibility of age determination is tested for the same system up to 13 days. It was found that while palmitic acid molecules follow the infinite-source model up until t = 72 h, older samples exhibited a limited-source condition where the total number of molecules available for diffusion was conserved, leading to a decrease in diffusivity with time that limited age dating to roughly 12 days for fingerprints on a silicon wafer. In addition, exposure of the fingerprints to temperatures of (-7, 7, 21, 28, and 35) °C revealed an Arrhenius dependence on the diffusion rate with an activation energy of (21.5 ± 2.4) KJ/mol, showing that the position of palmitic acid could still be determined irrespective of aging time and temperature.



















Introduction
There is an incredible amount of interest in the mass spectrometric (MS) analysis of latent fingerprints for forensic applications. Limitations to dactyloscopy such as smeared or partial prints1 and overlapping prints2 are being complemented and compensated for by the trace MS analysis of compounds in fingerprint sebum, which is rich in chemical information that can be used to identify the donor. Unique endogenous markers can distinguish the donor by age3, 4 and gender,5, 6 as well as metabolites of drug use7, 8 and markers for skin disease. In addition, exogenous markers such as cosmetics, plasticizers, and pharmaceuticals can readily be found in latent prints which can be used to create a lifestyle sketch of the donor using informatics approaches for their identification.9 
Imaging mass spectrometry is a subdiscipline of trace MS analysis that is also gaining a lot of attention, using a combination of chemistry and spatial information to provide new perspectives to latent fingerprint analysis. Chemical imaging techniques such as time-of-flight secondary ion mass spectrometry (ToF-SIMS) can reveal the donor’s activities prior to or during deposition, such as the chronological order of deposition of two fingerprints,10 or fingerprint and ink,11, 12 which may aid in the reconstruction of a crime scene or assist in its tactical investigation.13, 14 Age dating of fingerprints through the spreading of biomolecules on a surface is another idea that has been explored,15 the proof of concept of which led to the observation that the diffusivity of palmitic acid molecules on a clean silicon wafer can be modeled using Fick’s law of diffusion. Although there is currently no validated scientific method for accurately determining the time of deposition of a fingerprint on a surface,16 the spreading of molecules may be a powerful indicator for revealing the donor’s connection to a crime scene. One shortcoming is the high sensitivity of diffusion to temperature and properties of the surface, which requires empirical data to construct a model for predicting the diffusivity under those conditions.
This manuscript expands on the previous report of palmitic acid diffusion on a silicon wafer by exploring the effect of temperature. Silicon wafers serve as ideal substrates by reducing the overall complexity of the surface, allowing the study of diffusion purely as a function of their thermodynamic properties alone without considering the effects of contaminants, surface roughness, and porosity, which may greatly affect diffusivity. In addition, the native oxide provides great signal contrast for ToF-SIMS for the detection of a monolayer17, 18 of organic molecules, and the contaminant free surface minimizes undesirable isobaric interferences to take advantage of its molecular specificity.
 

Experimental 
10 cm Si(100) wafers purchased from Virginia Semiconductors[footnoteRef:1] (Fredericksburg, VA) were diced into 15 mm × 15 mm square pieces using the Disco DAD341 dicing saw equipped with a 15 µm diamond impregnated metal blade (Tokyo, Japan). The individual pieces were soaked overnight in an 18 MΩ/cm deionized water obtained from a Milli-Q ultrapure water system (EMD Millipore, Billerica MA) to remove salts, and sonicated sequentially for 10 min each in methylene chloride, acetone, and methanol (Sigma-Aldrich, Co., St. Louis, MO) to remove organic contaminants. Fingerprints from an anonymous donor[footnoteRef:2] were deposited onto 49 pieces through a circular mask (7 mm diameter hole in an aluminum foil), and were aged inside open containers held at temperatures of (-7, 7, 21, 28, and 35) °C, with an error of ± 2 °C as verified by the Fluke 52 II Digital Thermometer (Everett, WA). 7 samples were exposed to each temperature, with the exception of 14 samples for a temperature of 21 °C. At the beginning of each day (every 24 h), fresh samples from every temperature was analyzed and then discarded. MS imaging was performed using an IONTOF IV (Münster, Germany) instrument equipped with a 15 keV Bi3+ analysis source. 15 mm × 15 mm images were created from the stitching of 900 frames, each having a raster area of 500 µm × 500 µm with a pixel density of 64 × 64 pixels, with 10 pulses at each pixel for a total acquisition time of 3300 s per image. The ion dose density used was 3.3 × 109 ions/cm2. All data points reflect the average of 4 linescan measurements, obtained from the top and bottom, and left and right sides of the circular fingerprint. The error bars represent their standard deviations unless otherwise noted. [1:  Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.
]  [2:  All of the handling and residue experiments involving human subjects were approved and conducted in accordance to our Institutional Review Board.] 


Results and Discussion
Diffusivity versus time. Previously, it was found that the spreading of saturated fatty acid molecules on a clean silicon wafer could be modeled using Fick’s law of diffusion with the molecular weight of the chain relating inversely with diffusivity,15 consistent with the surface diffusion of polymers.17-20 Assuming a constant source of molecules deposited at t = 0 h as the boundary condition,26, 27 the solution to the differential continuity equation was the semi-infinite plane error-function of the form


where the equation is used to solve for the diffusivity D [mm2/h] given the intensity I(x,t) at position x [mm] and time t [h]. The intensity of palmitic acid in the ToF-SIMS line scan data is normalized so that I0 = 1 at x = 0 mm, positioned at the outermost edge of the fingerprint. The problem is modeled as a one-dimensional diffusion rather than two-dimensions since latent fingerprints rarely exhibit circular spreading. Using this equation, the expression  was obtained for palmitic acid to find its position where the intensity is 50% of its initial value (I0/2) as a function of time in hours, up to t ≤ 96 h. 
	Tracking the diffusion of palmitic acid for 13 days led to the plot in Figure 1a, showing the evolution of the intensity as a function of time at x = 0.5 mm (chosen for convenience). If the assumption of a constant or an infinite-source used to obtain equation 1 was correct, the data would match the orange line in the plot, which is the theoretical trend determined using a constant diffusivity of D = 4.5 × 10-4 mm2/h. However, as can be seen in Figure 1b, the diffusivity is seen to change with time in a manner that is related to its logarithm, causing the data to fall off the theoretical trend after around 72 h. There is a change in kinetics, induced either by limitation to diffusion such as a change in the property of the surface as a function of time, or a mass limitation, due to a limit to the number of molecules at the source. Solving the original continuity equation assuming a conservation of the total number of molecules (M) gives the following equation



where the boundary conditions of I → 0 as t → 0 and I → 0 as x → ± ∞ were used. The equation uses an initial condition that assumes a half-Gaussian distribution, constraining the motion of the molecules to x > 0. The result is a model that effectively follows the observed data, showing that palmitic acid follows a mass-limited diffusion after t ≥ 72 h. Interestingly, equation 1 seems to be more suitable for modeling the initial 72 h of diffusion. The reason for this discrepancy is not clearly understood, but it may be due to the micrometer topography of the fingerprint ridge where the diffusion of palmitic acid is driven by a combination of gravity-induced flow where the molecules are being transported down the ridge, as well as the conventional concentration gradient. 
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Figure 1. (a) Intensity versus time plot showing the normalized intensities of palmitic acid at x = 0.5 mm (chosen for convenience) from the edge of the fingerprint every 24 h for 14 days. The observed intensities are shown by circles (○), the solid orange line shows the theoretical fit using an infinite source model (constant diffusivity of D = 4.5 × 10-4 mm2/h), and the grey dotted line shows the theoretical fit using a limited-source model. (b) ln(D) versus time plot showing the constant change in diffusivity as a function of time, fitted using a linear fit. Each data point represents an average of three adjacent time points.   


Another interesting finding was the value of M used in equation 2, which was determined to be 0.12 for the diffusion on a silicon wafer. This number was roughly equal to the area under the curve of the linescan measured at t = 1 h (Figure 2). Since the equation defines that M is conserved for all t, the data suggests that the number of palmitic acid molecules that can spread is strictly limited to the amount present initially at the edge of the fingerprint upon deposition (t = 1 h), with no supplement from elsewhere in the fingerprint as a function of time. This is surprising given the large surface area of the fingerprint. One could suspect that the micrometer topography of the ridges is obstructing the flow of palmitic acid from within, however no significant differences in diffusivity were seen regardless of whether the ridges were positioned parallel or perpendicular to the direction of flow (Figure 2b). 
 	Furthermore, inspection of equation 2 reveals that the intensity reaches a maximum before diminishing to zero for large t, entailing a rather short limit to the number of days the model can be used for measuring the fingerprint age. To find out when this time limit occurs, a partial differential equation of equation 2 is taken with respect to t 



and setting the equation to zero gives the expression  to find the time limit in h for fingerprint age dating. At x = 0.5 mm, this theoretical limit occurs at tf = 260 h, or just under 12 days. The limit is theoretical since the actual data contains errors that need to be taken into account, making the practical time limit much shorter; with statistical significance attained at 3 times the standard deviation, a normalized intensity of I = 0.12 ± 0.01 at t = 264 h yields a practical time limit of approximately t = 144 h or 7 days when the intensity reaches I = 0.09. Conversely, choosing a larger x can delay the time limit, but resolving the intensity differences becomes problematic as intensities follow an exponential decay curve (Figure 2b). Remarkably, the determination of tf only requires the knowledge of the initial diffusivity (an average of the diffusivities at t = 1 h and t = 24 h). And since M can be determined from the intensity linescan at t = 1 h, the model that can predict the molecule’s diffusivity and position, as well as its time limit for age determination, can essentially be constructed from data obtained from just the first two days of fingerprint deposition.  
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Figure 2. (a) Secondary ion image showing the distribution of palmitic acid at m/z 255, with red boxes showing the region of interests from which the intensity lines scans in (b) were acquired. The images are 11.5 mm × 11.5 mm. The line scans in (b) compare the intensity as a function of distance in four directions (+x, -x, +y, -y) for fingerprints aged t = 1 h and t = 24 h. The comparison shows that differences in the direction of the fingerprint ridges do not contribute to different diffusivities. The plots are offset to facilitate viewing.

Diffusivity versus temperature. Figure 3 shows the effect of temperature on the initial diffusivity of palmitic acid (an average of the diffusivities at t = 1 h and t = 24 h), showing a striking change in diffusivity with temperature. Plotting the logarithm of diffusivity versus the inverse temperature revealed an Arrhenius dependence on the diffusion rate, with an activation energy of approximately (21.5 ± 2.4) KJ/mol. This was in the same order of magnitude as those reported in literature for the diffusion of water within a polymer gel,21 and the surface diffusion of metal adatoms on crystalline metal surfaces.22, 23 However, the significance of this value is still uncertain since literature values of similar systems that could be useful for comparison could not be found. 
[image: ]
Figure 3. Logarithm of diffusivity plotted against inverse temperature, showing the Arrhenius dependence of diffusivity. The temperatures studied ranged from T = (-7, 7, 21, 28, and 35) °C, and the initial diffusivities obtained for those temperatures were D = (3.3, 3.9, 7.0, 10.4, and 11.0) × 10-4 mm2/h, respectively.

One unexpected effect of temperature on diffusivity was the converging of the infinite-source and limited-source models at higher temperatures. As mentioned earlier, the observed data could be fit more effectively using both models, initially with the infinite-source model and later with the limited-source model, but higher temperatures were seen to delay this transition to a later time. For example, in Figure 4a, the intensity as a function of time at T = 35 °C could be fit quite effectively with either of the models to t = 144 h, yielding a coefficient of determination (R2 value for least squares fit) of 0.96 and 0.97 for infinite-source and limited-source models, respectively. In comparison, lower temperatures such as T = -7 °C could be described by both models to only about t = 48 h. Since the limited-source model assumes a decreasing concentration at x = 0 mm with time, the converging of the two models suggests that elevated temperatures may be increasing the availability of molecules that can diffuse from the fingerprint ridges. It is quite conceivable that the waxy residue that make up the fingerprint ridges may contain fatty acid molecules within that are being liberated at elevated temperatures, but entrapped at lower temperatures. Comparison of data at five temperatures showed that this discrepancy between the infinite-source and the limited-source models become smaller as temperature increases, with a theoretical optimum at approximately T = 44 °C, determined through extrapolation of the diffusivity decay rate for each temperature (Figure S2, Supporting Information). 
As discussed in the previous manuscript, the diffusivity of a molecule on a surface is sensitive to a wide array of conditions. While this manuscript has shown the effect of temperature on diffusivity, it still remains to be seen how it may be influenced by the type of the substrate, its roughness, and contaminant coverage on the surface. Moreover, equation 5 and the Arrhenius parameters determined here may not apply to surfaces other than silicon. Therefore, derivation of a universal model for the prediction of diffusivity may not be adequate, with the need to create a table of data through diffusivity measurements individually as a function of substrate type and temperature. As for the case of molecular degradation or oxidation over time upon exposure to environmental factors such as light and ultraviolet rays,24, 25 equation 4 has shown that the length of time practical for fingerprint age dating is rather short, which may discount any concerns for degradation or oxidation. Nonetheless, a derivation of a model that takes into account any molecular breakdown (where the concentration decays with time) were not able to appropriately fit the linescans.   
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Figure 4. (a) Intensity versus time plot showing the normalized intensities of palmitic acid at x = 0.5 mm, for fingerprints stored at temperatures of 35 °C and -7 °C. The observed intensities are shown by circles (○), the solid orange line shows the theoretical fit using an infinite source model, and the grey dotted line shows the theoretical fit using a limited-source model. (b) Natural log of the diffusivity plotted against time, comparing the decay rate of diffusivity as a function of temperature for fingerprints stored at (35, 28, 21, 7, and -7) °C. Intensity versus time plots for all temperatures could be seen in Figure S1, Supporting Information.

Conclusions
	The use of ToF-SIMS imaging for the age dating of fingerprints was demonstrated on a well-controlled model system for up to t = 312 h or 13 days.  As predicted in the previous manuscript, an infinite-source model was able to predict the diffusivity of palmitic acid for relatively fresh fingerprints, but required transitioning to a constant-source model for t > 72 h, showing that the amount of palmitic acid available for diffusion is rather small given the large surface area of the fingerprint. Oddly, the time limit for practical determination of fingerprint age was rather short, related to the inverse of the molecule’s initial diffusivity. In addition, the effect of temperature on diffusivity displayed an Arrhenius dependence, showing that the position of palmitic acid could still be determined irrespective of aging time and temperature. The age dating of fingerprints using ToF-SIMS is still a work in progress, but it seems that as the number of influencing factors increases, any notion of a universal correlation for the prediction of diffusivity becomes precluded. Future work will focus on determining the diffusivity of palmitic acid molecules on a wide variety of non-porous substrates. 
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